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ABSTRACT
Climate change, caused by accumulation of greenhouse gases in the atmosphere, is a threatening
global environmental problem which may cause disastrous ecological shifts and coastline losses.
China is currently the world's third largest emitter of carbon dioxide, a major greenhouse gas.
This thesis identifies factors of large carbon dioxide emissions from China's industrial boilers,
most of which are operated very inefficiently, and recommends cost-effective and appropriate
policy strategies for minimizing these emissions. Excessive carbon dioxide emissions result from
boiler inefficiencies due to post-combustion heat losses. The investigation relies on firm-level
boiler efficiency data from Guangxi and Shanxi provinces, and interviews with Chinese boiler
experts and government officials. Multivariate statistical analyses find that factors such as coal
quality, boiler maintenance, age and existing technologies are inadequate for efficient heat transfer.
Boiler operating problems are exacerbated by inappropriate incentive structures, poor government
enforcement of boiler environmental and efficiency regulations, and misperceptions surrounding
global warming and environmental protection. Practical policy strategies to reduce carbon dioxide
emissions from China's industrial boilers include short-term boiler efficiency gains through
improvements in operating conditions, and long-term technology developments and awareness
building. Furthermore, stronger implementation and enforcement of boiler environmental and
efficiency policies are crucial for reducing carbon dioxide emissions.
Thesis Advisor: Kenneth A. Oye
Titles: Director, Center for International Studies
Associate Professor of Political Science
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Introduction
Research Objectives and Overall Approach
This paper identifies how China can significantly reduce its contribution to global warming
and greenhouse gas emissions through improvements in the operation, management and regulation
of small and medium scale coal-fired industrial boilers. Firm-level boiler efficiency data collected
from over one hundred firms in Guangxi and Shanxi provinces in China reveal important factors of
energy inefficiency and environmental problems in smaller industrial boilers in China. The data
support recommendations for practical policy strategies to reduce emissions of carbon dioxide, a
major greenhouse gas, from these boilers.
This research approach differs from typical studies of China's energy and environmental
problems in that it targets greenhouse gas emissions first, through energy efficiency improvements
and second, in industrial boilers.
Most energy efficiency research in China focuses on its relationship with coal conservation
and economy rather than environmental issues. This is because unburned carbon and incomplete
coal combustion account for a large part of industrial boiler inefficiency in China and result in
wasted coal. Another significant component of boiler inefficiency is post-combustion heat losses,
which lead to excessive levels of carbon dioxide emissions. This study focuses on post-
combustion efficiency losses in China's industrial boilers to show that boiler efficiency policies can
simultaneously improve coal conservation and reduce carbon dioxide emissions. The Chinese
government prioritizes energy efficiency and considers environmental issues to be less urgent.
Since programs and initiatives in boiler efficiency and unburned carbon problems already exist for
industrial boilers, taking advantage of the association between boiler efficiency and carbon dioxide
emissions greatly improves prospects for emissions reductions.'
Environmental policies and research in China usually focus on larger industrial boilers and
power utility boilers. This investigation emphasizes smaller industrial boilers because they are
abundant and have strong potential for low-cost efficiency gains. Appropriate policies to raise the
efficiency of these boilers yield substantial and cost-effective carbon dioxide emission reductions.
Background and Research Motivation
Climate change, or global warming, is an important environmental problem which
potentially leads to rises in sea levels, loss of coastal land, and ecological shifts.2 A major cause of
climate change is emissions of greenhouse gases, which accumulate in the atmosphere and radiate
heat back to the earth's surface. Coal combustion is a significant anthropogenic source of carbon
dioxide, the major greenhouse gas.
China accounts for a significant and increasing proportion of carbon dioxide emissions.
Industrial boilers are a main cause of these emissions, mainly because carbon dioxide is an
unavoidable by-product of coal combustion. However, there are substantial cost-effective
opportunities for reducing carbon dioxide emissions from smaller industrial boilers. Factors
related to improper boiler operation and maintenance, and poor coal quality cause excessive levels
of carbon dioxide emissions from industrial boilers in China. Boiler efficiency losses which occur
after the combustion reaction and formulation of carbon dioxide, such as flue gas and radiation heat
losses, waste useful heat and result in unnecessarily high carbon dioxide emissions.
China's boiler efficiency regulations which predominantly aim to maximize coal
conservation can simultaneously minimize excessive carbon dioxide emissions. Rather than using
' Interview with. Professor Jinghua Fang, Taiyuan Institute of Technology, March 1997.
World Resources Institute, World Resources 1992-3: A Guide to the Global Environment, Toward Sustainable
Development, Oxford University Press, (New York: 1992), p. 4.
boiler emissions standards, greenhouse gas emissions reductions should rely on boiler efficiency
standards and laws for more effective implementation and action by Chinese policy-makers and
firms. Boiler inefficiencies are mainly due to unburned carbon, which results in wasted energy
and coal, and post-combustion heat losses, which result in unnecessary carbon dioxide emissions.
Excessive emissions of carbon dioxide from industrial-boilers has been a neglected issue in
Chinese policies and politics. However, Chinese policies pay substantial attention to energy
conservation and the unburned carbon problem in boilers, due to China's rapid economic growth
and rising energy demand. Energy efficiency measures offer the opportunity to save money and
conserve resources, and are more attractive options than emissions regulations for the Chinese
government and industrial firms.
Summary of Findings
Factors of Industrial Boiler Efficiency in China
Preliminary firm-level data and interviews indicate that the most important technical
variables of boiler efficiency and environmental performance in industrial boilers in China are
boiler maintenance and technologies, and coal characteristics. These parameters are strongly
influenced by political and economic factors such as market incentive structures and regulatory
stringency and control.
Inadequate boiler maintenance, and poor coal quality and boiler operation are among the
major causes of efficiency losses and excessive carbon dioxide emissions in China's industrial
boilers. If boiler maintenance and coal quality are poor, ash from the coal builds up on boiler
surfaces. This impedes heat transfer from the combustion furnace to feedwater and useful heat is
carried away by flue gases instead of being captured for use in industrial processes. Improper
boiler operation, such as admittance of high levels of excess air can also lead to flue gas efficiency
losses.
In China, technical problems associated with boiler inefficiency in industrial boilers are
aggravated by several underlying non-technical factors related to inappropriate incentive structures.
At the local level, even though many parties stand to gain from boiler efficiency and environmental
improvements, the performance of industrial boilers remains poor. This is because in most
industrial processes the cost of coal is a small fraction of operating costs. As a result, coal
conservation is of low concern for boiler operators and managers.
Furthermore, poor government implementation and enforcement of boiler efficiency and
environmental regulations exacerbate boiler efficiency problems. China's environmental standards
are often too low to be effective and they are rarely enforced. These regulatory problems are
symptoms of a more fundamental issue in China with respect to the environment and global issues.
To some extent, the Chinese government recognizes the severity of China's environmental
problems and has developed environmental policies and programs such as the Agenda 21 Plan for
Sustainable Development.3 However, as in most countries, economic growth is an overriding
issue that takes precedence over environmental protection, especially global issues where effects
are not immediately evident. Carbon dioxide is a necessary by-product of energy use in industrial
processes. The Chinese government is more apt to use energy efficiency measures, which are
more directly tied to economic development, rather than regulatory standards to reduce carbon
dioxide emissions.
Also, the rising numbers of township and village enterprises, owned by communities and
local governments, has made it more difficult to regulate boiler efficiency and emissions. These
firms are mainly located in rural areas and owned by the same government agencies and actors that
are responsible for enforcing regulations. As a result, quality and environmental controls in these
firms are weak.
3U.S. Department of Commerce, Environmental Trade Working Group, "China: Environmental Technologies
Export Market Plan", March 1996, p. 1.
Strategies to Reduce Carbon Dioxide Emissions
In China, substantial reductions of carbon dioxide emitted from industrial boilers can be
achieved indirectly through policies which target post-combustion boiler inefficiencies in the short
term. Simultaneously, long term policy strategies can aim to alter perceptions about global
warming and affect change in China's regulatory standards and enforcement. They should ease
political constraints and access problems so that greenhouse gas emissions standards are eventually
implemented.
Measures to reduce carbon dioxide emissions should align economic with environmental
and energy efficiency incentives. Short term strategies include using firm-level market incentives
to encourage better boiler operation and management, and improving operator training to
emphasize boiler efficiency and maintenance. For long term strategies, cost-effective and
appropriate technologies which improve efficiency and lower emissions from industrial boilers
should be developed. In addition, it is important to build awareness in firms and government
organizations about the economic and environmental importance of boiler efficiency and
environmental performance.
Research Strategies
Identification of firm and government level factors of boiler efficiency and carbon dioxide
emissions from industrial boilers requires analyses of politics and policy-making in China, and
industrial firm responses to the circumstances created by this political system. As mentioned
above, technical factors are examined using data from official boiler efficiency tests conducted by
licensed provincial test teams. Information about politics and policy-making in China, local
conditions for industrial boilers, and other less quantifiable factors of boiler efficiency were
collected in interviews and informal discussions with Chinese boiler engineers and manufacturers,
combustion experts, political economists and government officials.
This study outlines the political and economic setting created by Chinese politics and the
policy-making process with respect to industrial boiler emissions and efficiency by examining
energy and environmental policies and political structures in China. It analyzes industrial firms'
responses to these circumstances, which are reflected in boiler management and operation, by
using boiler efficiency test data from over one hundred firms in Guangxi and Shanxi provinces.
Multivariate analyses of these data suggest the relative importance of certain boiler and coal
characteristics, and boiler management and operation decisions for boiler efficiency. Post-
combustion heat losses account for about 10-15 percent of boiler inefficiency in industrial boilers.4
Although efficiency data for other Chinese provinces are not included in this paper, for purposes of
preliminary analyses, the Guangxi and Shanxi data are generally representative of operating and
maintenance, and local conditions of smaller industrial boilers throughout China.
Overview of Chapters
Chapter 1: Background and Motivation for Research
Chapter One is an overview of important issues affected by the performance of industrial
boilers in China. China's recent economic growth is described in the context of rising coal
consumption and greenhouse gas emissions by the industrial sector. Energy efficiency and
conservation efforts by the government are also discussed. The chapter presents global, regional
and local environmental and economic issues affected by boiler efficiency and greenhouse gas
emissions from industrial boilers in China.
Chapter 2: China's Policy-Making Process and Environmental Law: Policy Formulation,
Implementation and Enforcement
Chapter Two discusses aspects of policy-making and politics in China which create a
regulatory environment for industrial firms. These circumstances shape firm behavior and should
be accounted for when analyzing factors of boiler efficiency and recommending strategies for
improving the efficiency and environmental performance of industrial boilers. Chinese
4 see Interview with Professor Fang, April 1997.
environmental and sustainable development policies and institutions are described, along with
several problems associated with implementation and enforcement of these laws at different levels
of government. Finally, boiler efficiency and environmental policies which apply to industrial
boilers are outlined.
Chapter 3: Coal Combustion and Boiler Operation
In Chapter Three, a technical explanation of coal combustion and boiler operation that are
relevant to industrial boiler efficiency and carbon dioxide emissions are presented. This chapter
describes the relationship between boiler efficiency and carbon dioxide emissions by highlighting
operating parameters, such as excess air and flue gas temperature, that are important factors and
indicators of post-combustion heat losses. This discussion also outlines characteristics of chain
and spreader stoker, and fluidized bed combustion technologies, which are widely used in
industrial boilers in China.
Chapter 4: Factors of Poor Boiler Performance
Chapter Four contains an analyses of boiler efficiency data from industrial firms in
Guangxi and Shanxi provinces using bivariate and multivariate regression models, and discusses
factors of industrial boiler efficiency and carbon dioxide emissions in China. Industrial boiler
maintenance and operating conditions are strongly affected by firm-level management and incentive
structures, which in turn depend on the regulatory and economic environments generated by
government policies and incentive structures. Factors responsible for poor industrial boiler
performance in China must be well-understood to fashion appropriate and cost-effective strategies
for carbon dioxide emissions reductions.
The discussion focuses on parameters of industrial boiler efficiency that relate to post-
combustion heat losses and excessive carbon dioxide emissions. Technical factors include boiler
age, adequacy and appropriateness of technologies for combustion and for optimizing efficiency,
operator training and boiler equipment quality. These factors are partially shaped by non-technical
factors that are harder to quantify such as government policy standards and implementation,
national priorities, market and non-market incentives, and general awareness at the local level.
Chapter 5: Strategies to Improve Boiler Efficiency and Reduce Carbon Dioxide Emissions from
Industrial Boilers
Chapter Five provides guidelines for the Chinese government and international aid
programs to most practically and cost-effectively target boiler inefficiencies and unnecessary
carbon dioxide emissions from industrial boilers. Based on the analyses of efficiency parameters
in Chapter Four, this discussion considers the political and economic circumstances surrounding
industrial firms and the resulting firm-level responses in recommending appropriate short and long
term strategies. Short term goals provide immediate efficiency gains but are limited by
fundamental aspects of China's political and economic systems. They should be complemented
with long term objectives that remove obstacles in environmental policy formulation and
implementation.
The Chinese government should pursue short term objectives such as improving operator
training programs and internalizing externalities of low boiler efficiency by raising the price of
boilers or coal. Long term strategies include shifting perceptions about the climate change issue
and improving government networks and access to regulate industrial firms. International aid
plays an important role by transferring appropriate technologies or providing funds to improve the
performance of China's industrial boilers.
Conclusion: Future Directions for Reducing Greenhouse Gas Emissions from Industrial Boilers in
China
In the concluding remarks, suggestions are made for future studies and data analyses of
efficiency in industrial boilers and throughout the life cycle of industrial processes. Also, future
prospects for climate change policies in China are discussed. This preliminary study could be
expanded by including data from other provinces, and which are more representative of private
firms and township and village enterprises. Also, studies should be extended to determine ways of
improving boiler efficiency throughout industrial processes, and not just in industrial boilers, to
reduce unnecessary carbon dioxide emissions.
15.
Chapter 1
Background and Motivation for Research
Introduction
China's contribution to global greenhouse gas emissions is substantial and growing
quickly. Reductions of greenhouse gas emissions is a problem not just for China but for the entire
world. China emits far less carbon dioxide per capita than industrialized countries like the United
States. However because China is in a stage of rapid development, it is crucial to target
greenhouse gas emissions in existing and future processes before inefficient and highly polluting
practices expand to much larger proportions. There is strong potential for large reductions in
greenhouse gas emissions, particularly in coal-fired small and medium scale industrial boilers,
which account for much of China's emissions. In this paper, it is argued that measures to reduce
greenhouse gas emissions from industrial boilers in China initially should largely rely on boiler
efficiency improvements until fundamental shifts in environmental awareness and government
policies occur.
At the top, the Chinese central government has made broad sustainable development and
long-term environmental goals. However in formulating specific national policies and regulations,
Chinese policy-makers and government leaders rarely address global environmental problems such
as global climate change, and focus more on stimulating economic growth and protecting the local
environment.' Given the prioritization of economic development over environmental protection in
China, adoption of policies that directly regulate greenhouse gas emissions and might compromise
economic growth is impractical and unlikely in the near future. In the short run, it is more realistic
to target greenhouse gas emissions indirectly through policies that improve boiler efficiency, and
increase economic efficiency. In the long run, strategies should be developed that build awareness
and alter perceptions about the importance of climate change to eventually ease constraints on the
implementation of greenhouse gas emissions standards. For smaller coal-fired industrial boilers in
I Interview with Professor Jinghua Fang, Taiyuan Institute of Technology, November 1996.
China, cost-effective opportunities to improve efficiency and simultaneously reduce unnecessary
emissions are plentiful. This paper discusses opportunities to capture positive global
environmental externalities through domestic energy efficiency strategies in addition to
environmental greenhouse gas emissions standards in China.
In providing the background and motivation for this research, this chapter focuses on the
importance of improving boiler efficiency and reducing greenhouse gas emissions from industrial
boilers in China at global, regional and local levels. At the global level, the climate change problem
is exacerbated by poor coal combustion practices and unnecessarily high emissions of carbon
dioxide from Chinese industrial boilers. Regionally, acid rain results from the burning of high-
sulfur Chinese coal and inappropriate combustion conditions. At the local level, economic
inefficiencies and substantial air pollution are consequences of inefficient operation of small and
medium scale boilers. These problems are aligned such that solutions which target the energy
efficiency of these boilers can simultaneously address local, regional and global environmental
problems, and economic inefficiencies in China. The synergy between local, regional and global
problems appear such that domestic strategies to improve the performance of industrial boilers in
China can also provide substantial regional and global environmental gains in acid rain and
greenhouse gas mitigation.
Analysis of current policies and recommendations for future strategies must consider
relevant aspects of China's recent economic development, and growth in coal and energy
consumption with respect to industrial enterprises which use small and medium capacity boilers. A
general summary of China's economic background precedes this chapter's discussion of
environmental and economic issues affected by smaller industrial boilers in China.
Background for Research
China's Economy
China's economic reforms and growth since the mid-1980s have had strong implications
for coal consumption and energy efficiency in the industrial sector. The transition from a centrally-
planned to a more market-based economy has resulted in growing numbers of township and village
enterprises (TVEs), and changes in state-owned enterprises. As a result, incentive structures and
appropriate policy strategies for targeting greenhouse gas emissions through energy efficiency
gains are also different. China's transitioning economy encompasses aspects of planned and
market-based systems, and emissions and efficiency strategies should combine regulatory and
incentive mechanisms to influence the operation of industrial boilers.
In the late 1970s, the Chinese government instituted economic reforms by restructuring
industries and increasing production. These measures helped boost China's economy, and during
the 1980s, China's gross national product increased about 9.8 percent annually.2 Other economic
indicators including national income, gross domestic product and the gross value of industrial
output grew rapidly as well.
In 1992 and 1993, the 14th National Congress of the Chinese Communist Party established
a new goal of transforming China's existing planned economic system into a socialist market
economy. Among other things, this economic plan included state-owned enterprise reform and the
implementation of "Regulations for Shifting Operational Mechanisms for State-owned
Enterprises." In this modem enterprise system, modeled after that of market economies, property
rights relations would be clarified and Chinese state-owned firms could then hold operating rights.
In theory, because state-owned enterprises would be responsible for their own profits and losses,
they would be motivated to increase internal efficiencies.
2 Statistical Yearbook of China, 1993, (Beijing: China Statistical Publishing House), p. 31.
But in reality, although enterprises have more autonomy and efficiency has improved
during the reform period, the government still retains substantial control over state-owned firms'
transactions and management and the reforms have not solved fundamental problems.3 Obstacles
remain from the previous centrally-planned system. For example, personnel in government-owned
firms is still controlled by the Communist Party, making it difficult for employees to make
decisions and act independently of government pressures. Also, financial problems inundate many
government-owned firms, and enterprises still rely on the government for investment and loans.
In 1995, 43.7 percent of state-owned firms were in serious deficit.4 To a certain extent, lingering
government control mitigates incentives for long-term profit maximization and operational
efficiency improvements by firm managers.
China's rapid economic growth has been accompanied by the growth of township and
village enterprises. TVEs are located in rural areas and are collectively owned by the local
communities. They are often jointly operated and managed by local community governments, and
profits accrue to and are shared by the entire community. The TVE sector is highly competitive
and profit margins have been declining. This highly competitive market environment pressures
TVEs to perform dynamically and efficiently. As a result, these firms have been largely
responsible for China's rapid economic growth.5 At the same time, even though township and
village enterprises retain their own profits, they are heavy polluters due to reasons such as poor
boiler maintenance, low equipment quality and lax government control.
The formulation of policy strategies must consider incentive structures at the firm level for
state-owned and township and village enterprises, and should be sensitive to aspects of China's
economic system in transition.
I Beijing Energy Efficiency Center, "Energy Efficiency Opportunities in China: Technical and Economic Analysis",
Global Studies Program, Pacific Northwest Laboratory, May 1994, p. 4.
4 United States' National Committee for Pacific Economic Cooperation, "China", 1996-1997 Pacific Economic
Outlook, Washington DC, p. 20.
Coal Use and Rising Energy Demand in China
As the world's largest consumer and producer of coal, China relies heavily on coal as an
energy source. Coal supplies 75 percent of the energy for the raw materials industry, 76 percent of
the energy for power generation and 80 percent of the energy for residential energy.6 Until 1994,
coal prices were highly government subsidized. Today, the price of coal varies greatly between
coal-rich and coal-poor regions from $10 to $60 per ton, and averages about $40 per ton.7
China's rapid economic development has been accompanied by increasing energy demand
and coal consumption. In 1992, China constituted about 10 percent of the world's total energy
consumption.8 From the period 1978-93, China's annual growth rates of total energy production
and consumption averaged 3.7 percent and 4.3 percent, respectively. 9 Figure 1.1 shows the rising
trend of primary commercial energy consumption over time as a percentage of the 1970
consumption level, of China as compared with Japan and the United States. Over the next decade,
China's energy demand is expected to become responsible for two-thirds of the world's growth in
coal use.'o
Small and Medium Scale Industrial Boilers in China
Coal use by industrial boilers constitutes 46 percent of China's total coal consumption."
China has over 500,000 industrial boilers, the majority of which are coal-fired, steam boilers used
s Byrd, William A, and N. Zhu, "Market Interactions and Industrial Structure", China's Rural Industry, Structure,
Development and Reform, ed. by William A. Byrd and Lin Qingsong, The International Bank, 1990, p. 91.
STsinghua University Report, "Industrial Boilers and Utility Boilers in China", p. 1.
SPresentation by Professor Guangxi Yue, Tsinghua University Thermal Engineering Department, at ABB, Windsor
Connecticut, July 3, 1996.
' Jia, Yunzhen, Professorate Senior Engineer, "China's Present Energy Situation and Energy Related Environmental
Strategies", Paper presented at World Energy Council Administrative Committee Meeting, Tokyo, April 20, 1994,
Appendix.
9 Wu, Kang and Binsheng Li, "Energy Development in China, National Policies and Regional Strategies", Energy
Policy 1995, Vol. 23, No. 2, p. 167.
so Evans, Peter, "Clean Coal Technologies in Asia", Independent Energy, April 1995, p.30 .
" Presentation by Professor Yuqi Cheng, Clean Coal Engineering and Research Center, China, May 27, 1996.
Figure 1.1
Primary Commercial Energy Consumption Trends in Consumption 100=1970 Level'2
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0
' Source: Jonathan E. Sinton. China Energy Databook, Lawrence Berkeley National Laboratory, 1996.
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in heating and industrial processes. About 70 percent of these boilers are small or medium size,
with a steam capacity less than 6 tons per hour; the average capacity is less than 2.5 tons per
hour."3 Industrial boilers are used primarily by light industry and textiles. Of China's industrial
boilers, more than 90 percent are state-owned, less than 10 percent provincial- and municipal-
governments, and less than 10 percent are owned by TVEs and private firms.'4 Since China's
market reforms, the number of TVE-owned industrial firms and boilers has been on the rise. The
total number of coal-fired boilers and coal used in industry is also growing quickly with China's
rapid economic development.
Small and medium size industrial boilers in China are operated very inefficiently. The
average boiler efficiency is estimated to be 15 percent lower than for similar sized industrial boilers
in developed countries, and boiler performance is over 20 years behind that of industrialized
countries.15 This considerable difference can be attributed to various factors such as poor coal
quality and operating conditions.' 6 Smaller industrial firms often use outdated equipment and
cannot afford to make efficiency improvements and adopt new combustion technologies."7
Targeting smaller industrial boilers is a cost-effective option for reducing China's
greenhouse gas emissions. Unlike in most larger industrial and electric utility boilers, significant
gains in boiler efficiency, and reductions in unnecessary carbon dioxide emissions can be achieved
in smaller industrial boilers through low-cost improvements in maintenance and operation. Also,
because there are so many industrial boilers in China, even small efficiency gains and emissions
reductions in individual boiler units, when accumulated across small and medium size industrial
boilers, become substantial.
13 see Beijing Energy Efficiency Center, p. I1.
"4 Interview with Professor Fang, October 1996.
is see Beijing Energy Efficiency Center, p. 12.
16 see Tsinghua University Report, p. 26.
" Edmonds, Richard Louis, Patterns of China's Lost Harmony, A Survey of the Country's Environmental
Degradation and Protection, Routledge (London: 1994), p. 189.
Energy Efficiency and Conservation in the Industrial Sector
A major factor of China's high emissions of greenhouse gases is poor energy efficiency
and conservation in industrial firms. Low energy efficiency and wasteful coal consumption in
industrial processes results are accompanied by unnecessarily high carbon dioxide emissions.
Energy efficiency and conservation in Chinese industrial firms have been impeded by market
failures, government emphasis on expansion and unclear ownership rights.
In the 1980s, China made large gains in energy conservation through state investments in
technological renovation and energy efficiency grants. However, state investments have declined
significantly every year. From the early 1980s to 1992, energy conservation's share of total state
investment in technology retrofitting dropped by about 25 percent.' 8 With China's transition from
state-owned to private enterprises, the government's view is that since enterprises now retain their
profits, and derive the financial benefits of energy conservation, firms should bear the burden of
efficiency investment also.' 9
State-, private-, and township and village-owned industrial enterprises, particularly small
industrial firms, are not picking up where the government left off in conservation investments for
various economic reasons. One reason is that without government energy efficiency grants,
smaller firms simply cannot afford to retrofit energy efficiency technologies. Another reason is
that especially for smaller capacity boilers, the cost of coal is a small percentage of total operating
costs, discouraging investments in energy efficiency and conservation. Also, the Chinese
government tends to stress expanding production by increasing inputs rather than raising internal
efficiency. As a result even simple, inexpensive operational and management improvements have
not been implemented in industrial firms. Finally, unclear ownership rights in firms have resulted
1" Statistical Yearbook of China, 1992, (Beijing: China Statistical Publishing House).
19 see Beijing Energy Efficiency Center, p. 4.
in an emphasis on short-term results, biasing managers against long-term energy efficiency
measures. 20
In order to significantly improve energy efficiency and conservation in industrial firms and
reduce greenhouse gas emissions from Chinese industrial boilers, economic and political reform is
necessary by way of altered incentive structures and government strategies, raised awareness and
information about the importance of energy efficiency, and increased investment opportunities.
Motivation for Research
Strategies to improve the operation of small and medium scale industrial boilers in China
affect many important issues in addition to global warming, further reinforcing the importance of
increasing boiler efficiency. Several of these issues tied to boiler efficiency are described in the
following sections.
Global Issues
Sustainable Development
Energy consumption is a critical factor of sustainable development. Sustainable
development has been broadly defined by the United Nation's World Commission on Environment
and Development as development that "meets the needs of the present without compromising the
ability of future generations to meet their own needs.""2 According to the World Resources
Institute, United Nations Development Programme, and United Nations Environment Programme,
sustainable development requires simultaneous progress along several interacting dimensions:
economic, human, environmental and technological. 22 Energy use is an important aspect of all
four dimensions. For sustainable development, patterns of energy consumption that warrant a
20 see Beijing Energy Efficiency Center, p. 5.
21 World Commission on Environment and Development, Our Common Future, Oxford University Press, (New
York: 1987), p. 43.
1 World Resources Institute, World Resources 1992-3: A Guide to the Global Environment, Toward Sustainable
Development, Oxford University Press, (New York: 1992), p. 4.
sustainable energy resource base and that do not risk significant changes to the global environment,
such as through climate change, are crucial.
China's growing energy demand represents an increasingly significant proportion of global
energy consumption. Consequently, its share of the world's greenhouse gas emissions is also
increasing rapidly compared to other countries. As such, this study addresses the issue of
sustainable development in terms of the relationship between energy efficiency in Chinese
industrial boilers and global warming.
Climate Change and Global Warming
Global warming is an important sustainable development issue which has gained a great
deal of international attention in the past decade. According to the World Resources Institute,
"Climate change has important implications for sustainable development in that it might alter the
opportunities for future generations by increasing sea level or changing rainfall and vegetation
patterns or increasing ultraviolet radiation." 23 Warming and expansion the oceans causes sea levels
to rise, reducing land area and resources. These effects exacerbate problems such as
overpopulation and limited food supply. In addition, global climate change may threaten natural
ecosystems and biodiversity..
The scientists and other climate change experts of the Intergovernmental Panel on Climate
Change (IPCC) have concluded that developing countries such as China, and other regions already
under stress will feel the greatest impacts of climate change. According to the IPCC,
the most vulnerable human settlements are those especially exposed to natural hazards,
such as coastal or river flooding, drought, landslides, storms and tropical cyclones. A
rising sea level will significantly affect major coastal areas including the low-lying areas
along the Yellow and Yangtze Rivers. If the sea level does rise as predicted, some 70
percent of the population, and 80 of the industrial output, will be affected in Tianjin,
China's third largest city.24
23 see World Resources Institute, p. 6.
24 Global Environmental Facility, UNDP, "China: Issues and Options in Greenhouse Gas Emissions Control,
Project Document", February 1992, p. 2.
Although climate change has global consequences, addressing the global warming problem should
be of particular interest to China.
The emission of air pollutants such as carbon dioxide (CO2), methane, chlorofluorocarbons
(CFCs), and nitrous oxide (N20) is the predominant cause of global warming. These greenhouse
gases absorb longwave infrared radiation emitted from the Earth's surface and reradiate a portion
of the absorbed energy back to the Earth, causing the its average surface temperature to rise.
Greenhouse gas emissions are expected to have quantifiable effects. Due to long residence
times of greenhouse gases in the atmosphere, the longer that emissions continue at today's rates,
the larger will future reductions be required in order to stabilize greenhouse gas concentrations at a
given level. Current models predict that if greenhouse gas emissions continue at today's levels,
global mean temperature during the next century will increase by about 0.3 degrees Centigrade per
decade (with an uncertainty range of 0.2 to 0.5 degrees Centigrade per decade). This rate of
increase is greater than that seen over the past 10,000 years. It implies an average rise in global
mean sea level of about 6 centimeters per decade over the next century (with an uncertainty range
of 3 to 10 centimeters per decade).
Recently, the IPCC published a report stipulating that human activity contributes to climate
change. One major anthropogenic source of greenhouse gas emissions is fossil fuel combustion.
During combustion, carbon and hydrogen in the fossil fuel reacts with oxygen to produce a high
temperature flame. Carbon dioxide, the primary greenhouse gas, is the main by-product of this
process. In 1985, energy use accounted for over 80 percent of the world's total anthropogenic
emissions of carbon dioxide, and it continues to account for about three quarters of total CO2
emissions. 25
25 see Global Environmental Facility, p. 3.
The rapid increase of coal consumption in China has important implications for climate
change. Although China's per capita carbon emissions are much lower than in industrialized
countries, total carbon dioxide emissions from China are rising proportionally with increasing
energy use.26 Under a "business as usual" scenario, China's CO 2 emissions could increase by a
factor of nine by the year 2100, which would be an amount larger than the combined global carbon
dioxide emissions in 1990.27 China's CO, emissions accounted for 11 percent of the world's total
carbon dioxide emissions in 1990, but per capita emissions were less than half the world
average. 28 Figure 1.2 shows China's carbon emissions from 1950 to 1993. Today, China is the
world's third largest contributor of anthropogenic carbon dioxide emissions. It is estimated that
China will become the largest contributor to global CO2 emissions within the next 20 to 30 years.29
About 82.5 percent of China's CO, emissions are due to coal combustion. Forty-five
percent of the country's carbon dioxide emissions originate from industrial processes."3 Thus, the
approximately half-million coal-fired industrial boilers are a substantial source of anthropogenic
carbon dioxide emissions. If efficiency of industrial boilers were raised from about 60 percent to
75-80 percent, CO2 emissions would be reduced by 15 percent."
Carbon dioxide is an unavoidable by-product of fossil fuel combustion. Given China's
recent rapid economic growth and the Chinese government's prioritization of the economy over the
environment, it is unrealistic to expect China to limit its energy consumption and industrial
activities, which are large components of economic growth, for environmental protection.
26see Jia, p. 9.
" see Global Environmental Facility, p. 3.
2Ryan, Megan and Christopher Flavin, "Facing China's Limits", from State of the World 1994: A Worldwatch
Institute Report on Progress Toward a Sustainable Society, WW Norton and Co., (New York: 1994), p. 114.
29 Interview with Fang, April 1997.
3o see Global Environmental Facility, p. 2.
31 Investigation Report on Industrial Boilers in China, Increasing Efficiency and Decreasing Pollution, GEF, p. 3.
Figure 1.2: Carbon Emissions in China, 1950-199332
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However, acceptable measures can be taken to maximize boiler efficiency so that unnecessary
emissions of greenhouse gases such as carbon dioxide are minimized. These measures target
energy loss in combustion due to inefficient heat transfer within the combustion chamber. Because
these strategies can be both economically and environmentally beneficial, they are an important
result of this research.
Regional Issues
Acid Rain
An important regional problem resulting from coal combustion in China is atmospheric acid
deposition or acid rain. Acid rain occurs when sulfur dioxide (SO2) and nitrogen oxides (NO,)
oxidize in the atmosphere to become sulfuric and nitric acid, which are then washed out and
deposited back to the Earth's surface by rain." Acid rain damages forests, agriculture and
buildings, acidifies lakes and streams, and threatens human health and animal populations.
In 1995, China's SO, emissions totaled 19.5 Megatons/year, constituting two-thirds of
Asia's sulfur dioxide emissions. In 1990, China's nitrogen oxide emissions were 1.35
Megatons/year, also representing a large portion of Asia's total NOx emissions.3" Figure 1.3
shows the increasing amount of sulfur dioxide emissions from China and Asia over time. The use
of raw, high-sulfur coal, and inefficient combustion conditions in industrial and utility boilers
contribute greatly to China's large sulfur dioxide and nitrogen oxides emissions. It is estimated
that 74 percent of SO2 emissions, and 70 percent of NO, emissions in China originate from coal
combustion." This has led to an acid rain problem downwind, in parts of China, Japan and
" Hemond, Harold F., and Fechner, Elizabeth J., Chemical Fate and Transport in the Environment, Academic Press,
(San Diego: 1994), p. 297.
3 Presentation by Professor Xu XuChang, Department of Thermal Engineering, Tsinghua University, China, May
22, 1996.
3s Interview with Fang, April 1997.
Figure 1.3: Amount of Sulfur Dioxide Emissions in Asia (in millions of tons)36
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Korea. Currently, sulfur dioxide emissions from Chinese industrial boilers total about 5 million
tons, accounting for approximately 40 percent of the national total of SO, emissions."
Almost one-third of China's total land area has been affected by acid rain. Although the
northern section of China emits more sulfur dioxide than the southern part, much of the damage in
China from acid rain occurs downwind in Southwest China.3"
Acid rain is a regional problem, not only affecting Southwest China, but also spreading to
Japan and Korea. It is estimated that one-third of the acid rain which falls in the western part of
Japan is caused by coal combustion in China.39 In response to this issue, Japan provides bilateral
aid to China through environmental and energy efficiency projects, such as flue gas desulfurization
and environmental monitoring. These bilateral programs tend to focus on large-scale energy
projects. Few, if any, resources have been designated specifically for projects which target smaller
industrial boilers scattered across China. Programs which target sulfur dioxide and nitrogen oxide
emissions from these several hundred thousands of smaller industrial boilers by improving boiler
efficiency and coal preparation could significantly improve the regional acid rain problem.
Local Issues
The Local Environment
China has very poor air quality due to large concentrations of air pollutants such as
particulate matter and sulfur oxides. Maximizing energy efficiency and improving coal combustion
conditions in smaller industrial boilers reduces emissions of chemicals such as nitrogen oxides,
and particulate matter and dust, all of which are health and environmental hazards.
37 see Tsinghua University Report, Industrial Boilers and Utility Boilers in China, p. 26.3' Xiong Jiling et al., "Sources and Effects of Air Pollutants in Guizhou Province", Conference for Environment and
Climate and Change, The Challenge for China, Sponsored by World Wide Fund for Nature and the State
Meteorological Administration of China (Beijing: April 1991), p. 2.39 Research led by Professor Masayoshi Sadakata, University of Tokyo, Department of Chemical Engineering
Systems at the University of Tokyo.
Dust concentration in the air is one of China's most severe local environmental problems.
Coal combustion accounts for 60 percent of China's dust emissions.40 Currently, emissions of
dust, or total suspended particles (TSP), from industrial boilers are nearly 6.2 million tons per
year, 36.6 percent of the national total. In 1993, concentrations of TSP averaged 250 micrograms
per cubic meter in southern Chinese cities and 400 micrograms per cubic meter in northern Chinese
cities, compared to only 60 micrograms per cubic meter in New York City. In some Chinese
cities, TSP concentrations are over three times the World Health Organization guidelines.4'
The health problems caused by air pollution, particularly by dust concentrations, are
obvious in many Chinese cities. Particles, especially those which are less than 1 micron in
diameter, get trapped and accumulate in lungs, causing chronic obstructive pulmonary diseases.42
In China, mortality rates from chronic obstructive pulmonary diseases and lung cancer are very
high. For example, in Liaoning province, the mortality rates from chronic obstructive pulmonary
diseases are four times higher than in developed countries; the mortality rates from lung cancer are
among the world's highest.
Economic Growth and Energy Efficiency
Besides its environmental implications, Chinese energy consumption also has important
domestic economic ramifications. China's national coal reserves make up 16 percent of the
world's reserves however, on a per capita basis, they are only 40 percent of the world average.43
By the year 2010, China's coal consumption is projected to become 4.5 billions tons, compared to
1.7 billion tons in 1993. 44 Eighty-four percent of China's coal resources is located in the north,
4 Interview with Fang, April 1997.
41 Hamburger, Jessica, China's Energy and Environment in the Roaring Nineties: A Policy Primer, Pacific
Northwest Laboratory, June 1995, p. 9.
42 Presentation by Professor Hans Siegmann, Swiss Federal Institutes of Technology, Switzerland, May 22, 1996.
43 Howard, Maurice, "Industry Energy and Transport: Problems and Policies", The Geography of Contemporary
China: The Impact of Deng Xiaoping's Decade, Routledge (London: 1990), p. 168.
" Evans, Peter, "Clean Coal Technologies in Asia", Independent Energy, April 1995, p. 30.
northeast and northwest.45 Although coal is an abundant resource in Northern China, the supply
of coal to areas in Southern China has many bottlenecks. For example, poor infrastructure for coal
transportation hinders coal supply to Southern, Eastern and rural parts of China, raising coal
prices.
In the short run, higher priced coal has not caused efficient coal combustion in boilers
because the coal of coal constitutes a very small proportion of boiler operating costs. However, in
the long run, energy supply problems for coal-poor areas of China and inefficient combustion of
coal may eventually constrain productivity and economic development. One way to address this
issue is to improve energy efficiency. The Chinese government has designated industrial boilers as
an official priority for energy savings programs because of their potential for substantial energy
efficiency gains. These programs include operator training programs and improvements in
industrial boiler technology and design. Although these programs have been effective in large
boiler firms, smaller boiler firms, which are the least energy efficient and have energy supply
problems, are neglected.'6 The cumulative energy efficiency gains across the many smaller
industrial boilers throughout China could result in substantial energy resource savings for China as
a whole. Raising the boiler efficiency of all industrial boilers in China to 75-80 percent would
result in a coal savings of 15-20 percent in these boilers. This is equivalent to a 6 percent decrease
in China's total annual coal consumption.47
Economic Efficiency at the Firm Level
Energy efficiency gains and clean coal combustion in industrial boilers are also beneficial at
the firm level. Improving boiler efficiency and combustion conditions reduces coal input costs for
boiler firms. For example, improper combustion parameters can lead to buildup of carbon and
soot on a boiler's water tube surfaces. This retards heat transfer, lowering boiler efficiency and
4 see Jia, p. 3.
' Interview with Professor Jinghua Fang, November 1996.
7 Investigation Report on Industrial Boilers in China, Increasing Efficiency and Decreasing Pollution, GEF, p. 3.
creating waste heat. As a result, for a given level of energy output, more coal input is required
than would be in the case of more efficient combustion. In small and medium scale industrial
boilers, although the cost of coal is small compared to overall boiler operating costs, low-cost
efficiency improvements in boiler maintenance and operation can save substantial amounts of coal.
Cost-effective reductions of environmental emissions also lowers operating costs. Dirty
coal combustion increases maintenance costs and reduces boiler availability because it requires that
boiler parts be cleaned and replaced more frequently. Thus, firms stand to gain from increasing
boiler efficiency and reducing environmental emissions from industrial boilers.
Conclusion
The problems caused by inefficient, polluting industrial boilers in China are closely
interrelated. In the present, realistically, greenhouse gas emissions reductions in China should be
linked to local environmental and economic improvements through energy policies. This paper
emphasizes strategies to reduce carbon dioxide emissions and combat climate change first, by
improving industrial boiler efficiency in China through immediate measures and second, by
altering perceptions and increasing awareness of global warming problems through long term
strategies. The technical recommendations given in this study do not comprehensively address all
of the local and regional issues discussed above. However, strategies involving institutional and
management changes are applicable to sulfur dioxide and other chemical emissions, and the
mitigation of acid rain and local air pollution.
Measures to significantly improve the operation of smaller industrial boilers in China can be
low-tech and inexpensive. Furthermore, improvements in industrial boiler performance
simultaneously confer benefits for China's environment and economy. Thus, from both technical
and political standpoints, strategies to reduce China's carbon dioxide emissions through efficiency
gains in smaller industrial boilers in China are cost-effective and practical. However, several
obstacles and limitations exist within China's policy-making process and political system, and firm
and government incentive structures. These complicating factors must be analyzed and considered
in the formulation of future policy directions.
Chapter 2
China's Policy-Making Process and Environmental Law
Introduction
Management and operation of industrial boilers in China are strongly influenced by political
and economic circumstances that the Chinese government creates through energy and
environmental regulation. The ability of Chinese government policy to affect greenhouse gas
emissions and industrial boiler efficiency is, at first approximation, a function of standards and
enforcement. These are in turn strongly affected by factors in China's policy-making process such
as bureaucratic politics and power struggles.
Although the central government has adopted broad environmental protection and
sustainable development goals, implementation and enforcement of specific standards has been
hindered at the state and ministerial levels by political conflict and bureaucratic competition between
various governmental agencies, and at the provincial and local levels by inappropriate
environmental fee structures and insufficient resources. For coal-fired industrial boilers in China,
these political problems have left environmental policies and boiler efficiency standards
unenforced. The ineffectiveness of these policies is a major cause underlying the poor
environmental performance and efficiency of industrial boilers in China.
Analysis of current environmental and energy efficiency policies, and recommendations for
future strategies should be sensitive to characteristics of China's policy-making process and
government organization. They should consider the regulatory environment generated by
government policies and ensuing firm behavior so that appropriate and effective measures are
formulated. In light of this, this chapter introduces China's environmental laws and institutions
and discusses aspects of China's political system that bear on the formulation and implementation
of Chinese boiler efficiency and environmental standards. It will examine why, even though
policies are in place, environmental degradation in China is still a serious problem and is not
improving substantially. The discussion will provide a basis for analyzing factors which
contribute to the poor performance of Chinese industrial boilers in Chapter Four, and for
recommending additional strategies in Chapter Five.
China's Policy-Making Process
China's policy-making process can be understood in terms of the political power and
perspectives of government organizations. Various models for China's policy-making process
exist however, this paper relies on the policy-making model by Kenneth Lieberthal and Michel
Oksenberg in Policy Making in China, Leaders, Structures and Processes.
China's political system consists of the core central government (25-35 top leaders within
the Communist Party) which gives national policy directives; various staff, leadership groups,
research centers and institutes which serve as a link between the top leaders and the bureaucracies;
State Council commissions and ministries which coordinate the activities of line ministries and
provinces; and line ministries, provincial governments, and municipalities which implement policy.
China's policy-making process is based on negotiation and consensus-building between
various government actors and organizations. According to Lieberthal and Oksenberg, "the
structure of authority requires that any major project or policy initiative gains the active cooperation
of many bureaucratic units that are themselves nested in distinct chains of authority."' Individual
line ministries do not have enough political power to create adequate momentum to launch or
sustain a major policy. As a result, consensus-building among ministries is necessary to achieve
policy goals within the Chinese government. Policy formulation may be hindered by bureaucratic
politics and opposing coalitions between ministries.
'Lieberthal, Kenneth and Michel Oksenberg, Policy Making in China: Leaders, Structures, and Processes,
Princeton University Press, (Princeton: 1988), p. 22.
Even after the central government gives policy directives, these prescriptions are often
delayed or halted in the process of implementation by negotiations between different implementing
agencies who pursue various and sometimes conflicting missions. In addition, without proper
incentives, Chinese line ministries and provincial and local governments may not invest time or
resources to implement a policy.
China's Environmental Laws and Sustainable Development Policies
In China, environmental and sustainable development laws are especially prone to political
obstacles in the policy-making process. Following is a brief summary of China's national
environmental and sustainable development legislation.
Chinese Environmental Legislation
In recognition of China's serious environmental problems, the Chinese central government
has developed many broad environmental protection laws. It has attempted to build a strong
environmental regulatory system, and the organizational capacity to implement and enforce this
system. In 1983, environmental policy was incorporated into China's constitution. The
Environmental Protection Law of 1989 provides a basic legal foundation, while more specific laws
regulate particular environmental issues, including air pollution, surface water contamination and
solid waste pollution. The central government is also striving to integrate environmental protection
planning into the National Economic and Social Development Five-Year Plans. These Plans set
concrete environmental goals to be achieved along with economic and social objectives.
Sustainable Development Laws in China
The central government has designated sustainable development as a top priority national
objective. In response to the United Nations Conference on Environment and Development in
1992, China formed an Agenda 21 Plan for Sustainable Development, which lists detailed and
specific national sustainable development projects. Globally, China's Agenda 21 was one of the
first of its kind. The Administrative Center for China's Agenda 21 was created to develop and
manage sustainable development projects.2
Environmental Institutions
Many government institutions have been created to design and implement environmental
standards in China. They can be broadly categorized as state, provincial or local level
organizations.
State level organizations include the State Environmental Protection Commission (SEPC)
of the State Council, the National Environmental Protection Agency (NEPA), the Science and
Technology Commission (SSTC), and the State Planning Commission (SPC).3 The SEPC is
responsible for the highest level of environmental policymaking, providing national environmental
policy direction. NEPA acts as a secretariat for the SEPC, and develops environmental policy,
laws and regulations. It drafts national environmental standards and tracks sectoral and local
environmental regulations. The SSTC and SPC created the Administrative Center for China's
Agenda 21, and they head the sustainable development program.
Provincial level organizations are the provincial Environmental Protection Bureaus (EPBs)
and planning committees, which implement national policies by supervising local EPBs,
coordinating inter-provincial issues, and reporting to NEPA. Provincial EPBs can establish and
enforce standards that are more stringent than national levels. They also have the power to shut
down certain types of polluting factories and prohibit the establishment of high polluting
industries.
2 U.S. Department of Commerce, Trade Promotion Coordinating Committee, "China: Environmental Technologies
Export Market Plan", March 1996, p. 2-3.
3 see U.S. Department of Commerce, p.4.
Local level organizations consist of municipal EPBs and Environmental Protection Offices
(EPOs), which monitor, enforce, and finance detailed environmental laws and standards set by
upper level governments. Township environmental offices also serve as local level enforcement
bodies, although there is little indication as to how common these are.4
Problems in Implementation and Enforcement of Environmental Laws
Although the central government has taken steps to address its environmental problems
through national environmental policies and programs, the specific environmental regulations that
lower level organizations formulate and implement have not accomplished much. China's
environmental situation is still very poor and improving incrementally. Environmental regulations
and standards are ineffective because of low standards and lax enforcement, especially in rural
areas and smaller cities where environmental problems are the worst.5
Standards
Broad environmental goals alone are not enough to improve China's environment
substantially. The Chinese government must also adopt standards which require substantive
improvements that are still practical and realistic. Many of the laws have not been sufficiently
stringent to be effective. In addition, according to Edmonds, environmental laws have "often been
too local or applied over unrealistically wide areas, incomplete or inadequate, and lacking in
systematization or clear definition."6
One explanation for the lax standards is that environmental protection standards constrain
economic development. This dilemma is reflected in the government's pollution fines. According
to Professor Jiang Zuoren, Deputy Director of the Chinese Academy of Science's Circulating
Fluidized Bed Combustion Research and Development Center, ministries set environmental
' Edmonds, Richard Louis, Patterns of China's Lost Harmony, A Survey of the Country's Environmental
Degradation and Protection , Routledge (London: 1994), p. 244.
s see U.S. Department of Commerce, p. 1.
penalties such that they will not constrain businesses. But because fines are so low, it is cheaper
for some firms to pay fines than retrofit new environmental protection technologies. The Chinese
government values the environment, yet it has difficulty making business concessions for
environmental protection.7 For example, although China's acid rain problem is significant,
allowable levels for sulfur emissions from industrial boilers are extremely high. The average cost
for desulfurization technology is 3 Renminbi (RMB) per kilogram of sulfur dioxide, while the
average penalty for sulfur emissions is only 2 RMB per kilogram of SO2. The low standards
provides boiler owners with little incentive to install desulfurization equipment.8
Another reason why environmental standards are ineffective is that China's geographic area
and population are very large, and varying situations make it difficult to make widespread and
uniform regulations that are always appropriate. It is also very hard to collect accurate data on
existing emissions throughout China.' Correct estimates of current emission levels are important
for setting appropriate standards and future policy goals. As a result, formulating environmental
policies for different areas is based largely on guesswork rather than actual data.
Although environmental standards are currently very low, the Chinese government is aware
of the inadequacy of the current environmental policies and is raising standards gradually.'o
Implementation Problems
China's environmental progress has been hindered also by implementation and enforcement
problems. In China, policy formulation and implementation are very distinct aspects of the policy
process. Environmental policy directives by top government leaders have often resulted in poor
6 see Edmonds, p. 181.
7 Interview with Professor Jiang Zuoren, Deputy Director, CFBC Research and Development Center, Institute of
Engineering Thermophysics, Chinese Academy of Sciences, Beijing, June 12, 1996.
' Interview with Liu Qing, Researcher at the Thermal Engineering Department, Tsinghua University, June 18, 1996.
9 see Edmonds, p. 180-1.
'o Interview with Professor Jiang Zuoren, June 12, 1996.
implementation and non-action after bureaucratic negotiations." Obstacles to implementation can
be examined by analyzing policy and decision-making processes for environmental laws at
different levels of government and at the community level. This analysis will consider separately
the roles of China's state environmental organizations, and provincial and local level bureaus in
environmental policy decisions.
State-Level Environmental Organizations
Political maneuvering and power struggles at the state level hinder environmental policy
implementation at the local level. The decisions made by top leaders can be altered and halted
through bargaining between the central government and provincial authorities or between various
government agencies. Because NEPA does not have ministry status, it is far less powerful than
ministries and other state departments. As a result, policy objectives raised by other state-level
organizations often overshadow environmental policy initiatives, delaying prospects for
environmental action and progress. If other environmental agencies and NEPA coordinated their
activities, the environmental perspective would become a stronger force in government affairs.
Unfortunately, cooperation between Chinese environmental organizations is rare. In some cases,
due to insufficient financial resources, intra-agency rivalry and competition for funding
overwhelms any possibility for collaboration.
Because the environmental viewpoint lacks a powerful consensus, it has been ineffective at
implementing environmental regulations and standards. According to Edmonds, "Enforcement of
regulations and coordination of research requires a strong unified environment protection branch of
government which can vie with other ministries for funds and to influence policy."l 2 The Chinese
Academy of Sciences, the Chinese Academy of Social Sciences, the environmental protection
branch of the government, other ministries such as the Ministry of Forestry and universities are all
working on environmental problems separately, with very little coordination. A hindrance to
" see Lieberthal and Oksenberg, p. 27.
institutional cooperation is that environmental protection is inadequately funded by the central
government. The Chinese government spends less than one percent of its gross national product
on environmental protection which, according to Chinese specialists, is not enough to stop
degradation."3 Budgetary problems foster tension and rivalry among environmental agencies over
the limited resources designated for environmental protection.
Data collection is also an obstacle to environmental policy implementation at the state level.
Environmental policy-makers rely on data reflecting existing conditions to formulate effective
regulations at the local level. Inadequate resources make it especially difficult to collect accurate
data on environmental pollution from areas with low accessibility. Often, policy-makers must use
boiler efficiency data compiled by enterprises and sent to local environmental protection
organizations. This information is often underreported and inaccurate, and complicates
environmental policy-making and implementation."
Official environmental emissions data are scarce because only sulfur dioxide emissions are
regulated, and these laws became effective recently, in 1997. In addition, the sample of data is
biased away from smaller industrial firms, TVEs and private enterprises. Boilers in these firms are
rarely tested, and efficiency and environmental performance data are largely unavailable.
Provincial and Municipal Level Environmental Organizations
Although provincial EPBs have the authority to implement and enforce more stringent
standards than national levels, EPBs and local EPOs are institutionally positioned in the
government hierarchy such that they have little incentive to enforce environmental standards.
12 see Edmonds, p. 256.
13 see Edmonds, p. 240.
" see Edmonds, p. 177.
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Provincial EPB staff work under the dual leadership of NEPA and their provincial
government, and are funded by their government. NEPA uses provincial EPBs to guide EPOs and
municipal EPBs, who are financed by city governments. Although this network of implementation
is well developed, application and enforcement of environmental standards varies considerably for
different regions of China depending on availability of financial resources. Environmental
protection is an unlikely priority in poor provinces and towns with very limited resources."5
Implementation of environmental policy is especially difficult at the local level in poor, rural
areas and small cities. Communication between municipalities and higher level government
organizations is poor, making enforcement difficult. The problem is compounded by the fact that
in rural areas and small towns, local governments collude with industrial enterprises and share their
profits. This provides disincentives for local governments to collect non-compliance
environmental penalties. In these cases, EPBs have difficulty implementing standards because of
their financial dependence on local governments.' 6
Also, local environmental organizations are finding it increasingly difficult to apply
environmental protection regulations to private enterprises. "In the 80s, regulations to control
pollution were in existence and having some positive effects in the state-controlled sector. But in
the late 80s, the expansion of small scale enterprise overtook the role of the state sector in
economic growth, and the pollution problem still remained largely 'out of control', especially in
rural areas."' 7 To some extent, implementation and enforcement of laws in private firms and TVEs
is unprecedented in China.
15 see U.S. Department of Commerce, p. 5.
16 see U.S. Department of Commerce, p. 5.
17 see Edmonds, p. 19.
Community-Level Awareness and Participation in Environmental Politics and Policy-Making
Lack of environmental awareness and participation in the policy process is a major problem
for policy implementation. Most smaller industrial firms fail to comply with standards and pay
fines where standards are not met. This is a symptom of low public environmental consciousness,
and the fact that Chinese communities have very little influence in the policy-making process.
With increased public awareness about the environment and involvement in the policy-
making process, implementation and enforcement of environmental standards would most likely be
easier and more practical. Education facilitates environmental awareness building. There is a low
level of educational attainment among the contemporary peasant population. If the public were
better educated about the health and environmental costs associated with coal combustion in
industrial boilers, they would be more inclined to adhere to the environmental standards,
independent of the level of government enforcement of these standards.
Even with heightened environmental consciousness, communities are usually alienated
from the policy-making process, even when they are direct stakeholders in the policy. Effective
formulation and implementation of policy should involve input from all stakeholders. Because
they are excluded from the decision-making process and do not feel responsible for
implementation, local communities have lower incentive to actively participate in environmental
protection especially if enforcement is unlikely.
Current Regulation of Greenhouse Gas Emissions
Greenhouse gas emissions from coal-fired industrial boilers are regulated indirectly through
energy efficiency and conservation measures. Emissions standards do not exist for carbon
dioxide, methane and other greenhouse gases. At the ministerial and lower levels of government,
because climate change is a global environmental issue with long term solutions, it is given even
less attention and resources than local environmental problems that affect China's local
environment and human health. Similar to other environmental problems, this inattention is
reflected in lack of standards and enforcement.
National energy conservation and efficiency programs, which are much better funded and
also more effective than environmental protection programs in general, indirectly reduce
unnecessary carbon dioxide and greenhouse gas emissions. However, these programs have been
implemented mainly in large-scale firms, and efficiency gains have been mostly in larger capacity
boilers. In smaller industrial boilers, energy efficiency and greenhouse gas emissions have
improved little, if at all.
Greenhouse Gas Emissions Standards
Currently, no greenhouse gas emissions standards exist for industrial boilers. Lack of
emissions standards is a factor of high carbon emissions and wasteful use of coal. Regulations do
not exist because for policy-makers in China, global warming is a secondary concern behind local
environmental problems. These in turn are prioritized below economic development.'8
Furthermore, local governments and Agenda 21 do not have the political power or resources to
motivate such standards. As a result, Agenda 21 produces many reports but has not taken much
action related to global warming.' 9
There are international environmental aid programs aimed at reducing greenhouse gas
emissions from industrial boilers. The Global Environmental Facility (GEF) and the Chinese
government have joint projects targeting carbon emissions from industrial boilers. These projects
promote technology transfer to improve boiler efficiency and environmental performance. A
program on "Energy Conservation and Pollution Control in Township and Village Enterprises"
seeks to increase boiler efficiency of the rural industrial sector by carrying out demonstration
n" Interview with Professor Jinghua Fang, Taiyuan Institute of Technology, March 12, 1997.
"9 see Interview with Professor Fang, March 12, 1997.
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projects that involve improved technologies, maintenance techniques, and boiler operator
training. 20
Energy Efficiency Laws and Institutions
Boiler efficiency and energy conservation regulations could indirectly lead to greenhouse
gas emissions reductions. These laws might reduce greenhouse gas emissions from industrial
boilers by reducing waste gas heat losses and other heat transfer inefficiencies. However, current
national energy efficiency policies and programs have little to no effect on the operation and
performance of small and medium size boilers in China. This is partially because China's energy
efficiency laws are unenforced in smaller industrial boilers. Also, efficiency standards apply to
newly manufactured industrial boilers, and not the existing boiler stock. Chinese energy efficiency
policy is evaluated here in terms of its potential to reduce carbon dioxide emissions from industrial
boilers.
Energy conservation was formally introduced into China's national economic plan in 1981.
The policy objective was to lay "equal emphasis on both energy exploitation and conservation, and
priority given to the latter in the near future.""21 Energy efficiency laws are implemented and
enforced by the State Planning Commission's Department of Comprehensive Utilization and
Resource Conservation. The measures mainly include equipment retrofits, elimination of
inefficiency equipment, and adoption of efficiency standards. In the absence of market incentives
to conserve energy in the 1980's, China achieved substantial energy savings through a state-
administered conservation drive. 22 Energy intensity was reduced by one-third between 1978 and
20 Global Environmental Facility, UNDP, China, Issues and Options in Greenhouse Gas Emissions Control, Project
Document, 1992.
2 Li, Junsheng (1992) in Zhong Xiang Zhang, "Energy Conservation in China: An International Perspective",
Energy Policy 1995, Volume 23, Number 2. p. 162.
22 Global Studies Program, Pacific Northwest Laboratory, "Energy Efficiency Opportunities in China: Industrial
Equipment and Small Cogeneration", February 1995, p. 1.
1990.23 However, China was able to achieve such large efficiency gains in part because it started
at a very low level. The Chinese Energy Research Institute concluded that there is still the technical
potential to save 40 to 50 percent of the total volume of current energy consumption.
The Ministry of Machinery and Electronics, and the Boilers and Pressure Vessels Safety
Supervision Bureau of the Ministry of Labor jointly regulate the manufacture of industrial
boilers." Efficiency standards exist for newly manufactured industrial boilers and vary according
to boiler capacity and the type of coal used. Table 2.1 gives the approximate boiler efficiency
standards for new boilers using high quality bituminous coal.25
Table 2.1: Industrial Boiler Efficiency Standards
Steam Output Capacity Boiler Efficiency Requirement
(tons per hour) (percent)
1-2 70
2-4 72
4-6 78
6-10 80
Because the existing stock of industrial boilers does not have efficiency standards, most smaller
industrial boilers, which are the worst polluters, have not yet been affected by these recent
efficiency standards for newly manufactured industrial boilers. These boilers are old and replaced
about every 10-15 years.
23 Ryan, Megan and Christopher Flavin, "Facing China's Limits", State of the World 1994: A Worldwatch Institute
Report on Progress Toward a Sustainable Society, WW Norton and Co. (New York: 1994), p. 125-6.
' Global Environmental Facility, Manufacturing, Research and Development of Industrial Boilers, 1996.
25 see Interview with Professor Fang, October 1996.
Thus, even though efficiency gains have been made in larger utility and industrial boilers,
small industrial boilers remain very inefficient. Even though the central government has designated
energy conservation as a priority, in practice, China has invested much more in energy supply
expansion than in energy conservation and efficiency.2"
Strategies for reducing greenhouse gas emissions from industrial boilers, and measures to
improve energy efficiency are mutually beneficial. Recommendations for global warming policy
directions should target emissions through energy conservation and efficiency measures in addition
to environmental laws.
Broad Implications for Analysis and Policy Recommendations for Carbon Dioxide
Reductions
Analysis of factors of boiler efficiency and carbon dioxide emissions in China, and
recommendations for strategies to address these factors should be sensitive to the current political
system and its difficulties. China's short-run strategies should aim to work effectively within the
boundaries of the current economic and political system by targeting carbon dioxide emissions
through the more salient issue of boiler efficiency, as asserted in Chapter One. Long-run strategies
should attempt to ease political and economic constraints on the adoption of global environmental
policies in China, by inducing change in the policy-making process. This investigation of smaller
industrial boilers in China will take into consideration aspects of China's policy-making process to
most effectively and practically improve boiler performance and operation.
26 Zhong Xiang Zhang, "Energy Conservation in China: An International Perspective", Energy Policy 1995,
Volume 23, Number 2. p. 162.
Chapter 3
Coal Combustion and Industrial Boiler Operation
Introduction
The low boiler efficiency and high level of greenhouse gas emissions of coal-fired small
and medium scale industrial boilers in China is related to operation and maintenance of boiler
equipment, and dirty coal combustion. This chapter discusses fundamental aspects of coal
combustion and boiler technology which bear on boiler efficiency and lead to carbon dioxide
emissions from industrial boilers. It also describes characteristics of China's industrial boilers and
coal.
Coal Combustion
Coal combustion in industrial boilers provides the energy necessary for industrial and
heating processes. The reaction between carbon (C) in coal and oxygen (02) in air creates heat
energy, which heats up water to be used as steam. Following is a brief summary of combustion
reactions, and important aspects of coal quality.
The Chemistry of Combustion
Combustion requires fuel, temperature or heat, and air. Air consists of 21 percent oxygen
and 79 percent nitrogen (N2). The nitrogen is not used in the combustion process and passes
through the furnace, carrying away heat. In complete combustion, there is enough air so that all of
the carbon and oxygen combine to form carbon dioxide (CO2) and energy in the form of heat. The
main chemical reaction is represented by the formula:
C + 02 = CO2 + 33,730 kilojoules (kJ) per kilogram (kg) of carbon.
If there is too little air, combustion is incomplete and some of the carbon becomes carbon
monoxide (CO), releasing less heat:
2C + O = 2CO + 10,457 kilojoules per kilogram of carbon.
Under the appropriate time, temperature and turbulence conditions, and if more oxygen is added to
the process, carbon monoxide will further oxidize to carbon dioxide. This releases more heat
energy from the original carbon:
2CO + 02 = 2CO2 + 10,100 kJ per kg of carbon.
In addition to carbon, sulfur and hydrogen also occur in coal. These elements combine
with some of the oxygen in air to form water (H20) and sulfur dioxide (SO2). These reactions also
release heat, depending on the amount of sulfur and hydrogen in the coal. Nitrogen in the air
reacts with oxygen in high temperatures, creating nitrogen oxides (NOn).
Coal Quality
Coal quality is an important factor in combustion that affects boiler efficiency. Coals are
generally ranked according to carbon content, from lowest to highest as: peat, lignite,
subbituminous, bituminous coal, lean or semi-anthracite coal, and anthracite. Chinese coal is
about 85 percent bituminous, 10 percent anthracite, and 6 percent lignite.' Carbon content is not
the only determinant of coal quality. Coals are also classified according to other characteristics that
affect combustion, such as volatile matter, size, calorific value, and ash and moisture contents.
Volatile matter content is considered the predominant indicator of coal quality.
It is important to emphasize that the best type of coal for a certain combustion system
depends on all of these parameters and not just carbon content. In this context, coal rank is not
Global Studies Program, Pacific Northwest Laboratory, "Energy Efficiency Opportunities in China: Industrial
Equipment and Small Cogeneration", February 1995, p. 4.
2Interview with Professor Jinghua Fang, Taiyuan Institute of Technology, April 1997.
synonymous with grade. Anthracite, the highest rank coal, is considered a low-grade coal for
industrial boilers. In Chinese small industrial boilers, use of lignite is rare; here, only bituminous
and lean coal, and anthracite are considered.
The volatile matter content of a coal indicates its ability to ignite and burn quickly. Volatile
matter is composed of a wide range of hydrocarbons and carbon oxides, and burns off as a flame
when coal is heated in the presence of air. Coals containing a large amount of volatile matter tend
to burn quicker and produce smoke, while those which have low volatile matter content burn
slower, with less smoke. The following table gives typical volatile matter percentages for certain
coals.
Table 3.1: Volatile Matter by Coal Type3
Coal Type Volatile Matter (%)
Bituminous Coal > 20
Lean Coal 10-20
Anthracite < 10
Although anthracites have high carbon content, they are difficult to ignite, and burn slowly. As
stated earlier, in industrial boilers, anthracites are less desirable than bituminous or lean coals.
Coal is also classified by size, which ranges from large cobbles down to fine dust. It is
typically sorted by size for use in different types of combustion systems. Mechanically-fired
boilers often use smaller diameter particles while manually-operated systems require larger coals.
Fines, or pulverized coal particles that are less than 3 millimeters in diameter, can only be
completely burned in pulverised-coal (PC) boilers. Thirty to sixty percent of China's coal is fines,
yet it'is not suitable for the majority of China's small industrial boilers.4 Utilization of fines in
3 Shanghai Institute of Industrial Boilers, Technical Handbook II of Industrial Boilers, 1981.
4 Global Environmental Facility and Ministry of Machinery Industries, "Investigation Report on Industrial Boilers in
China: Increasing Efficiency and Decreasing Pollution", June 1996, p. 3.
industrial boilers has lead to an unburned carbon efficiency problem, described in the section
Efficiency in Industrial Boilers.
A coal's calorific or heating value is a measure of its stored energy, and is another
important determinant of coal quality. Calorific value is a function of the coal's elemental (e.g.,
carbon, hydrogen, sulfur) composition, and ash and moisture contents. For anthracites, heating
value is usually about 33,500 kilojoules per kilogram of coal. Typical values for bituminous coals
are 25,000-32,000 kJ per kg.
A coal's ash content is also an important characteristic because it affects the coal's calorific
value and burning behavior, and boiler efficiency. In most boilers, a minimum of 6 percent ash in
the coal is necessary in order to form a protective heat barrier between the fuel bed and the grate.
Otherwise, overheating can damage the grate. 5 However, excessive quantities of ash in coal
negatively affects heating value. As a result, high ash content coals often have lower calorific
values than low ash content coals of similar rank. In addition, large ash content can hinder
efficiency in boilers. When ash melts and becomes fluid, the fused product can impede heat
transfer within the boiler furnace. Depending on the melting temperature of the ash, active removal
of solids may be required. In China, ash contents of coal are very high, in the range of 20-40
percent.6 Because of its low melting point, the ash liquefies and coats heat transfer surfaces.7 This
slagging problem is a large factor of inefficiency and unnecessary carbon dioxide emissions in
small industrial boilers. It is discussed in detail in Chapter Four.
Depending on the circumstances, moisture content of coals can have positive or negative
affects on coal combustion and efficiency. High moisture content in coal reduces the coal's
5 National Industrial Fuel Efficiency Service Ltd., Boiler Operators Handbook, Graham & Trotman, (London: 1989),
p. 68.
6 see Global Environmental Facility and Ministry of Machinery Industries, p. 3.
' Berkowitz, Norbert, An Introduction to Coal Technology, second edition, Academic Press Inc., (San Diego: 1994),
p. 53.
calorific value and decreases boiler output. The moisture contents of coals in China are highly
variable, and coals are hard to burn consistently and effectively in small industrial boilers.
However, a certain degree of moisture-- usually 4-8 percent-- is necessary in coals burned in
stoker boilers (described in the next section), if the coals have a high percentage of fine particles.
In these cases, moisture in the coal acts as a binder that prevents fine particles from blowing out of
the furnace without being burned.'
Coal can also be characterized according to impurities. Coal impurities, such as sulfur,
impede boiler efficiency and cause environmental problems. In China, one-quarter of the coal is
high in sulfur. The combustion of high-sulfur coal has led to China's substantial acid rain
problem. To reduce the environmental problems associated with coal combustion, coal can be
pretreated by washing and desulfurization. Most sulfur exists in the form of pyrite, which has a
much higher density than carbon and thus can be removed easily in washing.9
Industrial Boilers
Industrial boilers are used to generate hot water and steam for industrial, commercial or
residential purposes, such as heating or mechanical processes. They do not include household coal
stoves and power plant boilers. This section summarizes industrial boiler design and components.
In addition, boiler parameters that are relevant to boiler efficiency and carbon dioxide emissions are
presented.
Industrial Boiler Design and Components
Figure 3.1 shows a boiler system schematic. In industrial boilers, burning coal in the
combustion chamber heats up the furnace to temperatures up to 1400 degrees Celsius, depending
on boiler type. The heat energy is transferred through water tube surfaces to contained feedwater.
After the feedwater boils, the resulting water vapor or steam travels from the water or steam drum
8 see Interview with Professor Fang, April 1997.
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Figure 3.1: Boiler System Schematic1 o
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9 see Interview with Professor Fang, April 1997.
' Source: Sam G. Dukelow, The Control of Boilers, Instrument Society of America, (North Carolina: 1986), p.
16.
through tubes for direct heating purposes, or to turbines for mechanical processes. In some cases,
hot water generated in the boiler is used directly.
Figure 3.2 illustrates how combustion occurs in a simple chaingrate or chain industrial
boiler. Fresh coal, distributed on a chaingrate, is initially heated by radiation and convection heat
from the furnace, which is in high temperature conditions. High temperatures ignite the coal's
volatile matter, which is eventually released. After initial ignition, the burning coal provides the
furnace heat that is necessary for further coal ignition. Primary air enters the furnace with the fuel
in some cases, and through the fuel bed in the case of grates. This occurs by natural, induced or
forced draughts using fans. Oxygen from the primary air oxidizes carbon in the coal, forming
carbon dioxide and releasing heat. As CO2 rises through the coal bed it reacts with remaining
carbon and reduces to carbon monoxide. Carbon monoxide rises into the secondary air stream,
which provides oxygen for CO to become carbon dioxide, at which point combustion is complete.
For this last step to occur, the furnace and gas temperatures must be high enough and the
secondary air should be sufficiently turbulent."
The burned coal remains as cinder and ash and is removed to a disposal pit, either by
falling through the chaingrate or by falling off the end of the moving grate. Flue gases, comprised
of combustion by-products, including CO,2 sulfur dioxide, nitrogen oxides and CO if combustion
is incomplete, are emitted from the furnace through a stack. Environmental abatement equipment,
such as cyclone electrostatic precipitators for dust collection and scrubbers for flue gas
desulfurization, may be used to reduce air pollution emissions.
Boiler Operating Parameters Related to Heat Transfer and Boiler Efficiency
Boiler efficiency and environmental performance are highly dependent on combustion
parameters and boiler operating conditions. Boiler operators and managers control many of the
" see National Industrial Fuel Efficiency Service, p. 18.
Figure 3.2: The Principle of Coal Burning on a Chaingrate Stoker12
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variables in industrial boiler operation that are crucial to boiler efficiency. Inefficient transfer of
heat from the boiler furnace to water tubes leads to excessive carbon dioxide emissions. This
section describes a few crucial operating parameters which are relevant to inefficient heat transfer in
boiler operation, including excess air, flue gas temperature, and boiler maintenance. They will be
linked to boiler efficiency and carbon dioxide emissions in the next section Efficiency in Industrial
Boilers, and more specifically to China's industrial boiler operations in Chapter Four.
Excess Air
Excess air is an important parameter of boiler efficiency and heat transfer. Complete
oxidation of carbon in coal combustion requires a precise amount of combustion air or theoretical
air. Theoretical air requirements are calculated using carbon content in the coal and oxygen content
in air. In actual practice fuel and air are never perfectly mixed so that the exact amount of
theoretical air is sufficient to completely burn the carbon in coals.13 To assure complete
combustion, an additional amount of combustion air, excess air, is provided.
Boiler operators can control the level of excess air by maintaining primary air draughts. An
optimal amount of excess air exists, and negative consequences arise from too little or too much
excess air. On one hand, insufficient excess air results in incomplete combustion and unburned
carbon. On the other hand, if excess air is too high, the mass of flue gases is very large and its
heat carrying capacity increases to unnecessarily high levels, wasting useful heat. The optimal
level of excess air for the highest boiler efficiency is at the point where the sum of efficiency losses
due to incomplete combustion and waste gas heat loss are minimized.'4
Required excess air required depends on fuel type, burner design, fuel characteristics,
furnace design and other factors. The excess air ratio in Chinese industrial boilers is designed to
~3 Dukelow, Sam G., The Control of Boilers, Instrument Society of America, (North Carolina: 1986), p. 55.
t" Yaverbaum, L.H., ed., "Energy Saving by Increasing Boiler Efficiency", Energy Technology Review, No. 40,
Noyes Data Corporation, (New Jersey: 1979), p. 5.
be about 1.3-1.6, which is equivalent to 1.3-1.6 times the theoretical air. In reality, boilers are
operated with 1.4-2.86 excess air ratios, and the average is 2.02.'5 High levels of excess air help
explain the poor efficiency and high greenhouse gas emissions of smaller industrial boilers in
China.
Flue Gas Temperature
Flue or stack gas temperature is also correlated to heat transfer in boilers and is used to
monitor boiler efficiency. If the flue gas temperature is high relative to baseline temperatures
following a boiler tube cleaning, then useful heat is not being transferred to the water tubes and
instead is lost to flue gases. It is estimated that one percent boiler efficiency is lost with every 10-
12 degree Celsius increase in stack temperature.' 6 In Chinese industrial boilers, stack gas
temperatures in industrial boilers are designed to be 160-180 degrees Celsius. In reality, they are
in the range of 200-375 degrees Celsius. 7
Boiler Maintenance
Boiler maintenance strongly impacts boiler efficiency and the emission of carbon dioxide
from industrial boilers. Boiler tube cleanliness is very important because heat transfer is impeded
by slagging and ash buildups in the furnace. Properly maintained equipment is necessary so that
for example, useful heat is not lost through air leaks or poorly insulated boiler walls. Industrial
boilers in China use boiler technologies that are 40 to 50 years old.' 8 Many of the smaller boilers
are very old and worn down, and poor maintenance is a considerable problem.
Boiler operation and maintenance are aided by instruments which measure operation
parameters such as steam flow, stack temperatures and excess oxygen. Chinese smaller industrial
i see Global Environmental Facility and Ministry of Machinery Industries, p. 2.
16 see Interview with Professor Fang, April 1997.
17 see Global Environmental Facility and Ministry of Machinery Industries, p. 2.
i8 see Global Studies Program, p. 4.
boilers have very little instrumentation for monitoring combustion parameters. Without these
instruments, boiler adjustments to improve efficiency are very difficult."9
Efficiency in Industrial Boilers
Boiler efficiency depends on many factors such as the boiler type, coal quality, operational
parameters, maintenance and boiler age. Efficiency can be lost through various mechanisms which
occur during different phases of operation, such as during combustion and in the process of heat
transfer. This discussion focuses on heat loss in the combustion chamber, as it directly pertains to
unnecessary carbon dioxide emissions.
Efficiency Equations
Boiler efficiency can be calculated using the input/output method and the heat loss
method.20 The input/output method uses measurements and heat contents of coal, steam, and
feedwater flow. Equation 3.1 is the formula for boiler input/output efficiency.
Boiler Efficiency (%) =
Heat Value of Steam Output (kJ) / Heat Value of Coal Input (kJ) (Eqn. 3.1)
Simply stated, efficiency is derived by dividing heat output by heat input. This calculation is
limited by accuracy of flow meters, fuel weight estimations, and heat content of fuel measurement.
The relationship between boiler efficiency and carbon dioxide emissions is reflected in the
heat loss method of efficiency calculation. Efficiency in industrial boilers is calculated by
subtracting major losses from 100 percent, shown in Equation 3.2. This formula includes only
losses that are applicable to smaller industrial boilers in China.
60
19 see Yaverbaum, p. 67.
20 see Dukelow, p. 32.
Boiler Efficiency (%) = 100- q2 - q3 - q4 - q5 (Eqn. 3.2)
q2= Heat loss in flue gas (%)
q3= Loss from unburned combustible gas (CO) in the flue gas (%)
q4= Loss from unburned carbon in coal (%)
q5= Heat loss from radiation (%)
Heat Losses in Flue Gas and from Radiation
In industrial boilers, efficiency losses that contribute to excessive carbon dioxide emissions
are heat losses that take place after combustion occurs and CO2 is formed. Carbon dioxide is an
unavoidable product of coal combustion. The importance of boiler operation for global warming
relates to the efficiency with which heat, generated in combustion, is transferred to feedwater for
energy consumption. If this process is very inefficient, energy may be lost in unnecessary heating
of flue gases or in radiation through the boiler jacket. As a result, for a certain amount of heat
output, more coal input is required than in more efficient boiler operations. In this context, boiler
inefficiencies due to post-combustion stack gas and radiation heat losses cause unnecessary
production of CO2, the primary greenhouse gas.
Flue gas heat loss is reflected in flue gas temperature and excess air levels. High
temperatures and excess air levels imply that large amounts of heat are escaping through the boiler
stack in waste gas. If excess air is too high, emissions of nitrogen oxide, another greenhouse gas,
also rise. This is because increased availability of oxygen allows more reactions with nitrogen in
the air. Losses due to air leaks in the furnace and stack also contribute to post-combustion
inefficiency, and they are included in calculations of flue gas heat loss percentages. Air leaks in the
furnace allows usable heat to escape directly. They also affect the ability to control excess air
levels, increasing the potential of heat losses due to overabundant excess air. Although stack gas
losses in China's industrial boilers are designed to be 6-8 percent, in practice they average 10-15
percent.2
21 see Interview with Professor Fang, April 1997.
Radiation loss occurs through the boiler jacket when heat radiates to the surrounding air in
contact with boiler surfaces. It depends largely on boiler capacity and boiler wall thickness.
Larger capacity boilers lose less heat by radiation than smaller boilers, because the surface area to
volume ratio is lower. If walls are thick and insulated, radiation loss tend to be very small. In
China, radiation loss in industrial boilers is on average less than 3 percent.22
Losses from Unburned Coal and Combustible Gas
Compared to flue gas and radiation heat losses, unburned coal and carbon monoxide losses
in coal combustion less directly affect greenhouse gas emissions and global warming because they
occur before the creation of carbon dioxide. However, losses from unburned carbon and carbon
monoxide contribute greatly to poor coal conservation and energy efficiency practices in China.
The main component of efficiency loss in China's smaller industrial boilers is unburned
carbon, which is designed to cause 8-12 percent efficiency loss but actually results in 10-27
percent efficiency loss. In stoker boilers, this loss is worst in fine-rich coal because fines get
blown up as fly ash before the carbon has time to bum. 23 If combustion equipment and time is
improperly adjusted, some of the carbon in coals may not burn and is wasted. The high carbon
content levels in fly ash, 35 percent on average, indicate that unburned carbon is a major issue in
China where fine particles are very small, less than 500 micrometers in diameter. Excessive
carbon content, 15-30 percent, in post-combustion cinder is also evidence of the unburned carbon
problem.24
Unburned combustible gas, mostly carbon monoxide in coal combustion, accounts for a
small percentage of efficiency loss in China. If a boiler is operated with insufficient excess air, the
2 see Interview with Professor Fang, April 1997.
, Sarofim, Adel, Professor Emeritus at the Massachusetts Institute of Technology, Presentation, July 1996, ABB
Windsor, Connecticut.
final oxidation of carbon monoxide does not occur, and the potential heat from this reaction is not
generated. In China, the unburned combustibles loss in industrial boilers is designed to be less
than 0.5 percent, but in practice it ranges from 0.5 to 2.5 percent. 25
Boiler Types
In China, several different technologies are used in smaller industrial boilers. They are
summarized in Table 3.2.
Table 3.2: Industrial Boiler Types in China26
Boiler Type Percentage of Chinese Industrial Boilers
Stoker (chain, reciprocating, spreader) 81
Fluidized Bed and Pulverized Coal 10
Fixed Grate 9
Fixed Grate Boilers
Fixed grate boilers generally have less than 1 ton per hour capacity. They are the least
efficient boilers because the coal bed is manually distributed and maintained. Because they are
manually operated, boiler operator experience is very important for efficiency.
Stoker Boilers
Stoker boilers, including chain, reciprocating and spreader stokers, employ different
techniques for mechanically supplying fresh coal to the grate and removing ash from the coal bed.
In stoker boilers, furnace temperatures should be about 1400 degrees Celsius, which is higher than
the melting point of coals. Thus, slagging is a significant problem in these boilers.
24 see Interview with Professor Fang, April 1997.
25 see Global Environmental Facility and Ministry of Machinery Industries, p. 2.
Figure 3.3 shows a chain stoker boiler diagram. In chain stokers, coal is frontfed from a
fuel hopper to the grate. A door at the bottom of the hopper controls the thickness of the fuel bed.
The best type of coal to use in chain stoker boilers is larger sized (3-30 millimeters in diameter),
and has high volatile matter and heating value contents.27
Figure 3.4 represents a spreader stoker boiler diagram. Spreader stokers use an
overfeeding coal supply system. Coal is blown into the boiler and a deflector blade disperses it
over the grate area. The fuel bed is thin so that burning rate is high. Higher moisture content coals
can be used in spreader stoker boilers because they undergo demoisturization before dropping onto
the grate and burning. As a result, they ignite and burn out easier and faster.
Fluidized Bed Boilers
Figure 3.5 illustrates a fluidized bed combustion boiler system. In fluidized bed boilers,
combustion occurs within a bed of coarse coal particles, usually less than 10 millimeters in
diameter. When expanded to a fluidized state by high-pressure air, the fluidized bed acts as a
liquid in which the boiler water tubes are submerged. In this system heat transfer is much more
efficient than in stoker boilers. Furnace temperatures should be about 850 degrees Celsius, much
lower than in stoker boilers. Fluidized bed combustion is a promising clean coal combustion
technology which can use low-grade coal. In addition, it is more efficient than other boiler
technologies, and sulfur oxides can be removed from flue gases at relatively low costs.
Conclusion
This information on coal combustion and boiler technologies, both in general and in China,
serves as a useful background for analyzing factors of boiler inefficiency and unnecessary carbon
dioxide emissions in Chapter Four. Strategies to reduce CO2 emissions by targeting flue gas and
26 see Global Environmental Facility and Ministry of Machinery Industries, p. 3.
Figure 3.3: Chain Stoker Boiler Diagram: s
Figure 3.4: Spreader Stoker Boiler Diagram
27 see Interview with Professor Fang, April 1997.
22 Source for Figures 3.3, 3.4: Sam G. Dukelow, The Control of Boilers, Instrument Society of America, (NorthCarolina: 1986), p. 226-229.
Figure 3.5: Fluidized Bed Combustion Boiler Diagram"2
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radiation heat losses in China's industrial boilers are explored in Chapter Five. In most cases, the
actual performance of smaller industrial boilers in China is far worse than planned in boiler design.
Underlying the technical problems associated with boiler inefficiencies, such as poor boiler
maintenance and equipment quality, are political and economic obstacles which relate to firm
operation and management incentives. Chapters Four and Five will also address these less
technical issues in detail.
Chapter 4
Factors of Industrial Boiler Efficiency and Carbon Dioxide Emissions
in China
Introduction
Low levels of efficiency and poor operating performance of industrial boilers in China are a
reflection of observable technical problems related to boiler and coal characteristics, and subtler
non-technical problems related to local-level incentives and government initiatives. Boiler
inefficiencies due to post-combustion flue gas heat and radiation losses directly result from
operating parameters and boiler equipment quality. These problems are exacerbated by misaligned
economic incentives and weak government standards among other political and economic factors.
The combination of these circumstances instigates excessive carbon dioxide emissions from
smaller industrial boilers in China.
In this chapter, preliminary bivariate and multivariate analyses are conducted for firms in
Guangxi and Shanxi provinces to indicate important technical factors of boiler efficiency. First,
data from about 150 small firms in Guangxi and Shanxi provinces, Data Set A, are used in
bivariate analyses. Then, one hundred and fourteen of these observations from Shanxi province,
Data Set B, are analyzed in multivariate statistical regressions. Boiler efficiency values in the data
sets incorporate all unburned carbon and post-combustion efficiency losses however, they are used
in these analyses as indicators of post-combustion losses, which account for 10-15 percent of
boiler inefficiency. Although these data are not representative of all provinces in China,
characteristics of boilers and their operation are similar in most industrial processes and firms, and
this preliminary investigation can be generally extended to the majority of these enterprises.!
Examination of other technical factors that are not included in the statistical model, and
underlying non-technical problems relies on Chinese firm and government-level interviews and
I Interview with Professor Jinghua Fang, Taiyuan Institute of Technology, April 1997.
consultation with boiler experts. Because of the paper's emphasis on global warming, this
discussion focuses mainly on post-combustion heat losses which help cause wasteful coal use and
excessive carbon dioxide emissions, in particular flue gas and radiation losses. Many of the
operating parameters in Chinese small industrial boilers that were highlighted in Chapter Three's
discussion of boiler efficiency are discussed in fuller detail here.
Bivariate Analysis of Industrial Boilers in Guangxi and Shanxi Provinces
Sample Characteristics
Data Set A consists of about 150 boiler observations from Guangxi and Shanxi provinces.
These data are shown in Appendix A. Guangxi province is located in southern central China and
has very low grade coal which contains low heating value and high sulfur levels. Shanxi province,
in northwest China, provides over 25 percent of China's coal. The coal in Shanxi is mainly
bituminous and higher quality than Guangxi's coal. Both Guangxi and Shanxi are very poor
provinces. The product per capita in 1993, in 1990 yuan, was 1392 for Guangxi, and 1681 for
Shanxi, compared to 6088 for Beijing, China's capital.2
With respect to operating conditions, boilers in this data set are on average representative of
industrial boilers in China as a whole, and far below design standards. Mean boiler efficiency of
the data set is 65.2 percent, compared to state-wide averages of 55-65 percent and design
efficiency of 70-80 percent. Actual flue gas heat loss averages 11.3 percent in these boilers,
compared to 10-27 percent throughout China, and 6-8 percent in the United States.3 The data have
mean flue gas temperature of 201 degrees Celsius. State-wide flue gas temperatures are 200-375
2 Chinese Energy Databook, p. 12, from Research Proposal to the Alliance for Global Sustainability, "Clean and
Efficient Utilization of Coal in China: Environmental Aid and Coal Combustion", Principal Investigators:
Professor Hans Siegmann, Swiss Federal Institutes of Technology; Professors Janos Beer, Zhiyuan Cui, Kenneth
Oye and Adel Sarofim, MIT; Professors Masayoshi Sadakata and Hideaki Shiroyama, University of Tokyo;
Professors XuChang Xu and Guangxi Yue, Tsinghua University, September 1996, p. 9.
' Presentation by Adel Sarofim, Professor Emeritus Chemical Engineering, MIT at Tsinghua University, May 1996.
degrees Celsius, whereas design temperature is typically 160-180 degrees Celsius.4 The sample is
slightly skewed towards more efficient firms because they are usually more willing to undergo
efficiency testing. Other less efficient firms that have small scale operations can usually avoid
testing.5
General Results
Bivariate analyses indicate generally the impact of certain variables on boiler efficiency.
From these analyses, boiler age and boiler type seem to be important factors of boiler efficiency.
Figure 4.1 shows boiler efficiency by boiler type. In each category of boiler, the left columns of
points are Guangxi boiler data and the points to the right are Shanxi boiler data. Fluidized bed
boilers are noticeably more efficient than the others. Figures 4.2 and 4.3 show boiler efficiency as
a function of boiler age using combined Guangxi and Shanxi data, for reciprocating and chain
stoker boilers respectively. There is a tendency for boiler efficiency to decrease with age, but this
trend is mitigated by the data's large variations. Figure 4.4 indicates that industrial boilers in
Guangxi are more efficient than in Shanxi province.
Although these data exhibit general trends in bivariate analyses, the variations in data are
significant. Boiler efficiency is strongly affected by many factors simultaneously, and multivariate
analyses produce more visible tendencies.
4 Global Environmental Facility and Ministry of Machinery Industries, "Investigation Report on Industrial Boilers in
China: Increasing Efficiency and Decreasing Pollution", June 1996, p. 2.
s see Interview with Professor Fang, October 1996.
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Figure 4.1: Boiler Efficiency vs. Boiler Type: Guangxi and Shanxi Provinces
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Figure 4.2: Boiler Efficiency vs. Boiler Age: Guangxi and Shanxi Provinces, Reciprocating Boilers
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Figure 4.3: Boiler Efficiency vs. Boiler Age:
Guangxi and Shanxi Provinces, Chain Stoker Boilers
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Figure 4.4: Boiler Efficiency vs. Province: Guangxi and Shanxi Provinces
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Multivariate Efficiency Model Using Industrial Boilers in Shanxi Province
Multivariate regression models using industrial boiler efficiency data from 114 Chinese
firms in Shanxi province predict that major factors of boiler efficiency are coal quality, boiler age
and boiler technology. These firm-level data are in Appendix B. The sample characteristics,
statistical model and analysis techniques are described below.
Sample Characteristics
The Shanxi data were collected by official provincial boiler efficiency testing teams. This
preliminary study provides initial evidence of important aspects of industrial boiler efficiency. It
also highlights outlier firms, indicating future venues for additional data collection and studies,
which will be discussed in the Conclusion chapter.
Firms in the sample are mainly state-owned and very few are TVE or privately owned.
TVEs are not represented in the sample, because the data was not collected recently enough. In
addition, few efficiency data exist for TVEs. Private and township and village enterprises are less
willing to be tested by licensed test teams because they do not want to pay for testing.6 Although
boiler efficiency tests are required by law, these rural firms escape government enforcement.
Boiler operation and efficiency of TVEs are not included in the statistical analysis but they are
discussed below, in Non-Technical Factors of Efficiency.
The average boiler efficiency in Data Set B is 62.3 percent (ranging from 39.8 to 78.1
percent).7 Efficiency data were available for chain stoker, reciprocating stoker, fixed bed and
fluidized bed combustion (FBC) boilers, all of which used either anthracite and bituminous coal.
Only one observation exists for FBC boilers.
6 see Interview with Professor Fang, October 1996.
' Boiler efficiency in the data set was calculated as steam output (kJ/kg)/ coal input (kJ/kg).
In addition to boiler efficiency, boiler technology and coal type, the data contain the
following variables: boiler size (steam capacity), boiler age, boiler efficiency losses, operating
parameters such as flue gas temperature and excess air, and coal characteristics.s
Statistical Model
An additive model was used to predict the importance of several factors on boiler
efficiency. It does not account for probable interactive effects between some variables, however
this simple model is useful for preliminary analysis of factors and their individual effects on
efficiency. The model uses Equation 4.1:
Boiler Efficiency = (Eqn. 4.1)
B0
+ B, * (Chain Stoker Dummy Variable)
+ B2 * (Reciprocating Stoker Dummy Variable)
+ B3 * (Fluidized Bed Dummy Variable)
+ B4 * (Boiler Age)
+ B5 * (Boiler Capacity or Size)
+ B6 * (Coal Volatile Matter Content) * (Anthracite Coal Dummy Variable)
+ B7 * (Coal Volatile Matter Content) * (Bituminous Coal Dummy Variable)
+ B8 * (Coal Heat Value) * (Anthracite Coal Dummy Variable)
+ B9 * (Coal Heat Value) * (Bituminous Coal Dummy Variable).
where Bo is a constant and B1, B2, B 4, B, B, B, B7 are the statistically generated
coefficients.o'
Several trials were performed using various combinations of factors. Results from these trials are
summarized in Appendix C. Here, Regression #6 is evaluated because it produced the highest R-
squared value (0.3167) and the most statistically significant coefficients.
' Since these data were collected from various sources, several variables are missing for many of the observations.
9 Dummy variables, equal to zero if false or one if true, are used to account for unquantifiable factors. For example,
for chain stoker boilers, "Chain Stoker Dummy Variable" = 1, and "Reciprocating Stoker Dummy Variable" and
"Fluidized Bed Dummy Variable" = 0.
to In some of the regressions, coal quality data were not separated into different anthracite and bituminous terms.
(e.g., only one term for coal volatile matter content: B * (Coal Volatile Matter Content)).
Predicted Efficiency Factors from Model
The coefficients generated by this preliminary regression indicate important variables of
boiler efficiency. According to the results of the model, coal quality, boiler age and boiler type
contribute the most to boiler efficiency in China's industrial boilers. These factors also lead to
waste gas heat loss and unnecessary carbon dioxide emissions from industrial boilers. This
section presents and discusses the results of the statistical analysis. Regression #6 results are
summarized in Table 4.1. In this regression, fixed bed boilers is the omitted dummy variable.
Table 4.1: Regression #6 Results
Variable Average Value Predicted t-Statistic
(number of observations) (Range) Coefficient
Chain Stoker Boiler Dummy 0, if True -2.72 -0.61
(57) 1, if False
Fluidized Bed Combustion Boiler Dummy 0, if True 8.74 1.11
(1) 1, if False
Reciprocating Stoker Boiler Dummy 0, if True -3.69 -0.84
(54) 1, if False
Boiler Age 4 years -1.06 -3.52
(114) (1, 10)
Boiler Size 6 tons per hour -0.30 2.43
(114) (0.5, 34)
Volatile Matter Content, Anthracite Coal 17 percent 0.47 1.44
(114) (8, 20)
Volatile Matter Content, Bituminous Coal 25.2 percent 0.65 2.52(114) (20, 39)
Heat Value, Anthracite Coal 25133 kJ per kg 0.0007 2.39
(114) (17290, 29475)
Heat Value, Bituminous Coal 24246 kJ per kg 0.0004 1.26
(114) (18380, 27140)
Coal Quality
China's poor coal quality is a major factor of industrial boiler inefficiency, and contributes
substantially to post-combustion heat losses. Coal characteristics such as volatile matter, size,
heating value and ash content, are highly variable in China. Also, due to problems such as
regional unavailability of water and cost, coal is rarely washed and retains many impurities.
Typically, raw coal is burned in industrial boilers even if it is inappropriate for the boiler
technology, especially in areas where only one type coal may be available. These practices
unavoidably cause efficiency problems.
Heating value, which the model predicts as a large factor of efficiency, is indirectly related
to post-combustion heat loss. As discussed in Chapter Three, heating value of coal is adversely
affected by high ash content. In stoker boilers, combustion of fines and coals with high levels of
ash and low heating values, has a high probability of slagging and buildup of ash on the water
tubes and grates, impeding heat transfer to feedwater and control of excess air.
Improper burning conditions in combustion of certain coal types also indirectly leads to
excessive carbon dioxide emissions. Boiler operators can make combustion parameter adjustments
such as furnace temperature and stoker speed, to account for different types of coals. If boiler
operators are not aware of the changing coal characteristics and they do not change these
parameters, the coal may not be burned as efficiently or cleanly. This also leads to slagging and
ash buiildup.
Boiler Age
Boiler age is another important parameter of boiler efficiency. Boiler efficiency is
negatively correlated with age because over time, parts and equipment wear and break down. As a
result, boilers with low efficiency tend to have shorter lifetimes. This is reinforced by the fact that
the lifetime of water-tube boilers is usually 15-20 years but in China, where boiler efficiency is
low, average boiler lifetime is only about 12 years." Decay of parts causes excess air control
problems and can result in excessive radiation and flue gas heat losses, and wasted energy. In
China, the natural deterioration of boilers through normal use is exacerbated by low quality boiler
" Report by Tsinghua University and ABB Corporation, "Industrial Boilers and Utility Boilers in China", January
1997, p. 28.
parts, raw unwashed coal, and poor maintenance, factors which are described in following
sections.
Boiler Technology
Boiler technology largely determines boiler efficiency levels in China, especially given
China's coal characteristics. According to this model, fluidized bed boilers are the most efficient,
followed by fixed bed (the omitted dummy variable), chain stoker and reciprocating stoker boilers.
Although there is only one FBC boiler observation in this sample, fluidized bed technology is the
most modern boiler combustion technology used in China and it tends to be the most efficient.
FBC boilers use coarse coal, less than 10 millimeters in diameter, and can effectively burn many
types of coals. Stoker and fixed bed boilers do not effectively burn fines and coals with variable
sizes. The appropriateness of boiler technologies in China's industrial boilers in relation to coal
quality is furthered discussed in the following section.
Although these results show that fixed bed boilers are more efficient than stoker boilers, the
opposite is normally true.' 2 Because confidence levels of the stoker dummy variable coefficients
are low, this contradiction may be due to measurement inconsistencies or estimation errors.
Other Technical Factors of Boiler Efficiency and Carbon Dioxide Emissions
In addition to coal quality, boiler age and boiler technology, important technical factors of
boiler efficiency in Chinese industrial boilers include boiler maintenance, equipment quality, boiler
technology and operator training. The scope of the preliminary model is limited due to
unavailability of various data, and many important parameters of boiler efficiency are not covered
in the analysis. These additional factors were revealed and discussed during interviews with boiler
experts, Chinese boiler plant managers and engineers and government officials, and they are
described here.
12 see Interview with Professor Fang, October 1996.
Poor Boiler Maintenance
Poor boiler maintenance is a major cause of inefficiency in industrial boilers in China."3
Boiler operators must periodically clean and replace water tubes, the stoker chain and other
equipment inside the boiler furnace when they become dirty with ash, or wear down. Coal quality
and combustion conditions help to determine how often maintenance should occur to maximize
performance. Without constant maintenance, buildup of ash and soot on water tubes and wearing
of boiler parts hinder efficient heat transfer to feedwater and increase flue gas heat losses. In
China, industrial boilers are operated and maintained so poorly that boiler availability is frequently
hampered. In fact, maintenance problems, which lead to failure of crucial boiler parts such as
water tubes, are the primary cause of boiler shut-downs."
Low quality, unwashed coal aggravates the adverse effects of poor maintenance on boiler
efficiency. For example, combustion of China's high-sulfur coal emits sulfur oxides which
combine with water to produce acids. Sulfuric acids can corrode metals in the furnace." If these
acids are not removed, in the long run they might create air leaks and other problems which
increase post-combustion efficiency losses.
Low Quality Boiler Equipment
Another major factor of boiler efficiency is boiler equipment quality and durability.
Auxiliary equipment in smaller industrial boilers includes stokers, fans, pumps, instruments and
other control devices. Their manufacturing quality is usually very poor and parts wear down or
break down easily. This is because smaller industrial boiler equipment is usually purchased from
1' Jia, Yunzhen, "China's Present Energy Situation and Energy Related Environmental Strategies", Paper presented
at WEC Administrative Committee Meeting, April 1994.
'
4 Presentation by Lu Xiaoma, Lecturer at Tsinghua University, at MIT, January 1997; and Report by Tsinghua
University and ABB Corporation, January 1997.
rural industries and TVEs, which have weak quality controls compared to larger state-owned
manufacturers.'" Equipment problems such as uneven holes in the chain stoker, and non-airtight
furnace walls allow air to enter the furnace. This greatly reduces the boiler operators' control over
excess air intake and useful heat can be carried away by increased air masses.
Inadequate and Inappropriate Boiler Technologies
China's industrial boiler technologies are from the 1960s and 1970s and do not have
efficiency raising components of modem boilers. In addition, boiler technologies used in industrial
boilers are often inappropriate for the type of coal available. As a result, production in these boilers
is very energy intensive and inefficient.17
Proper instrumentation is an essential for efficient boiler operation. In small industrial
boilers, instrumentation is typically bad or nonexistent for many boiler parameters. Usually, only
steam pressure is known for operation safety reasons." Without appropriate measurements, it
very difficult for boiler operators to maximize boiler efficiency. They cannot discern when it is
necessary to check for air leaks and other heat loss problems. It is also hard for operators to
determine the amount of excess air required for complete and efficient combustion without
instruments that measure parameters such as oxygen in flue gas and stack temperatures."
Selection of boiler technology is an important determinant of boiler efficiency, and carbon
dioxide emissions from industrial boilers. Boilers are designed for a certain type of coal and in
many cases, the older boiler technologies used in China's smaller industrial boilers are
inappropriate and unable to efficiently burn the country's highly variable coal. Especially in places
" National Industrial Fuel Efficiency Service Ltd., Boiler Operators Handbook, Graham & Trotman, (London:
1989), p. 20-1.
16 Haiyan, Du, "Causes of Rapid Rural Industrial Development", China's Rural Industry, Structure, Development
and Reform, ed. by William A. Byrd and Lin Qingsong, The International Bank, 1990, p. 55.
" Global Studies Program, Pacific Northwest Laboratory, "Energy Efficiency Opportunities in China: Industrial
Equipment and Small Cogeneration", February 1995, p. 1-2.
is see Interview with Professor Fang, March 1997.
where only poor quality coal is available, choice of boiler technology should be based on
characteristics of the available coal.
For example, Figure 4.4 from Data Set A shows that in Guangxi province industrial boiler
efficiency is higher than in Shanxi province. Even though Guangxi's coal quality is much worse
than Shanxi's, the boilers in Guangxi use technologies especially designed for lower quality coal.
In addition, operation and maintenance of these boilers are usually better, because of special
attention to combustion of low quality coal, and because the price of coal is much higher than in
Shanxi. 20 By accounting for coal quality in selecting boiler technology, maintenance and operation
of boilers can be much easier, improving the likelihood of boiler efficiency and reduction of
unnecessary carbon dioxide emissions.
Low Economies of Scale
The small scale of industrial boilers in China results in low economies of scale for boiler
efficiency. In smaller industrial boilers, it is harder to capture low temperature energy because
there is less metal in the heat exchange area, and heat is lost to waste flue gases.2' In addition,
because the boiler jacket surface area to boiler volume ratio is much higher than in larger scale
boilers, radiation losses are greater in smaller boilers.
Insufficient Operator Training
Lack of operator training is another cause of inefficiency and poor maintenance in China's
smaller industrial boilers. Because smaller industrial boilers are manually operated and maintained,
operator training is particularly important for efficient boiler operation. If a boiler operator does
not know how to optimize combustion conditions or how often to clean the interior of the furnace,
19 see Interview with Professor Fang, October 1996.
0 see Interview with Professor Fang, February 1997.
21 see Interview with Professor Fang, January 1997.
boiler efficiency declines and waste gas heat loss rises, independent of boiler technology and
equipment quality. Chinese state laws stipulate that boiler operators must be tested and licensed for
operational safety and efficiency every two years. Compliance with operator training laws occurs
mainly in larger industrial firms. Industrial boiler operators in smaller firms are rarely trained
every few years, if ever.22
Another important operator training issue is that for smaller industrial boilers that are very
old and worn down and lack appropriate instrumentation, efficient operation is difficult to learn
through training only. It takes more time for the operator of a boiler to gain experience and acquire
the skills to burn coal efficiently in the boiler, and to know when maintenance of boiler parts is
necessary." This experience and knowledge is crucial for minimizing post-combustion heat losses
through control of excess air and flue gas temperatures.
Non-Technical Factors of Boiler Efficiency and Carbon Dioxide Emissions
Technical operating conditions and efficiency of smaller industrial boilers are largely
shaped by underlying non-technical management factors such as market incentives and government
policies. These political and economic issues are important to consider but harder to model than
boiler operating parameters and other quantifiable variables. Strategies to reduce carbon dioxide
emissions from industrial boilers in China should consider cost-effective measures which address
non-technical factors in addition to commonly targeted technical variables. Although they are
separated into categories for purposes of discussion here, many of the variables interact and should
be considered simultaneously.
2 Interview with Zhang Min, Senior Engineer, Thermal Power Research Institute, Ministry of Electric Power,
Xi'an, June 1996.
23 see Interview with Professor Fang, October 1996.
Inappropriate Policies and Programs for Smaller Industrial Boilers
Regulatory endeavors by the Chinese government to improve boiler efficiency and
environmental performance in industrial boilers have been ineffective in smaller firms. State-run
programs and demonstration projects are usually inappropriate because they do not consider local
conditions in industrial firms with small scale operations. Also, as described in Chapter Two,
Chinese laws often have lax standards that are poorly enforced. Because of these problems,
government policies and programs are not affecting efficiency improvements in smaller industrial
boilers where measures for boiler efficiency and carbon dioxide emissions reductions might be the
most cost-effective and effectual.
Many of the Chinese domestic and international aid boiler efficiency programs are
inappropriate for smaller industrial firms. Rather than emphasizing low-cost operations and
maintenance improvements, these programs usually emphasize solutions such as technology
retrofitting which smaller industrial firms simply cannot afford. Domestic programs focus more on
larger, more efficient industrial firms and boilers in shaping programs and policies."2 They neglect
smaller industrial boilers with very low boiler efficiency, where efficiency gains are potentially
more cost-effective, especially if these gains are achieved throughout a large number of the
500,000 industrial boilers in China.
International aid programs also target plants that have above-average efficiency levels and
are doing well environmentally and monetarily. They usually target industrial boiler efficiency
using top-down methods such as pilot projects in larger industrial boilers, rather than more
practical bottom-up methods which closely examine smaller and less efficient industrial firms, and
local conditions. 25 Because international aid programs often fail to consider local conditions
24 Interview with Professor Jiang Zuoren, Deputy Director, Executive Manager of Circulating Fluidized Bed
Combustion Research and Development Center, Beijing, June 1996.
25 see Research Proposal to the Alliance for Global Sustainability, p. 4.
surrounding smaller industrial firms and boilers, and inter-provincial differences, they inadequately
address crucial problems and needs for improving boiler efficiency in these firms.
One reason why programs are unsuitable for smaller industrial firms is that collecting data
that reflect existing conditions in these firms is very difficult. Most smaller firms do not undergo
boiler efficiency testing very often, if at all. As discussed previously, setting proper boiler
efficiency standards and formulating appropriate solutions for TVEs and other rural firms is
especially hard because little data exists on boiler efficiency in these firms.26
Other reasons why policies and programs are inappropriate for smaller industrial firms
relate to government priorities and politics in China. International aid and resources often originate
from industries such as boiler manufacturers and environmental technology firms, which are
attracted to larger scale programs that include technology transfer and product sales.27 These more
visible programs generate greater interest among international aid sources. As a result, the Chinese
government tends to give more attention and resources to large scale international projects in order
to attract foreign investments.
National and Government Priorities: Government Politics
Because government priorities and politics play such a large role in policy formulation and
implementation, it is important to analyze their influence on industrial boiler efficiency. As
described in Chapter Two, power is very important in Chinese politics. Power of implementation
and enforcement rests with ministries, provincial governments and municipalities. The priorities
and activities of these government bodies have strong indirect effects on boiler efficiency and
carbon dioxide emissions. Boiler efficiency and carbon dioxide emissions levels have not
26 see Interview with Professor Fang, October 1996.
27 Interview with Ms. Yang Qijuan, Director of Electric Division, Department of Major Industrial Equipment,
Ministry of Machinery Industry, July 1996.
improved, partially because of the low importance assigned to environmental issues by these
government organizations.
A fundamental problem that underlies poor boiler efficiency policies and programs relates
to the general awareness and attitudes of Chinese policy-makers. Some policy-makers are
uninformed about the importance and benefits of energy efficiency and conservation. 2" This is
reflected in poor policy implementation and low standards for industrial boilers in China. In many
cases, other conflicts and issues related to government politics undermine the efficacy of policy
objectives that improve energy efficiency. For example, efforts to implement boiler operator
training are uncoordinated. While the Ministry of Labor is responsible for industrial boiler
operator training, the Ministry of Machinery Industries manages and develops industrial boiler
technologies. Rivalry exists between these government organizations and their activities lack
coordination. As a iesult, many boiler operators are not properly trained for maximizing boiler
efficiency and performance. 29
Improper Market Incentives
Inappropriate market incentives are also a contributing factor to poor industrial boiler
efficiency in China. Management and operation of coal-fired industrial boilers in China are
influenced by market incentives in a variety of ways, depending on firm characteristics. In state-
owned enterprises, the effects of market incentives are reduced by government control and unclear
ownership rights. As a result, managers and operators tend to sacrifice long term boiler efficiency
improvements for short term profits and other considerations.
In TVEs, where profit-motivation is the driving force in decisions, incentives for boiler
efficiency and environmental improvements are low because government regulation is weak and
coal is a very small percentage of boiler operating costs. Instead, firms tend to focus their efforts
29 see Global Studies Program, p. 21.
and resources on production output and expansion. Because government boiler efficiency and
environmental policies have very little impact, the role of market incentives is discussed
independently here, with little reference to these policies.
Government-Owned Enterprises
In state-, provincial- and county- owned firms, boiler efficiency is negatively affected by
government intervention, unclear ownership rights and misaligned incentives. Although enterprise
autonomy has grown since China's economic reforms, management of government-owned firms is
still constrained by government control."3 To some extent, government authority and dictate
diminish the influence of market incentives on decision making by managers of firms. Ownership
rights are unclear and managers are often transferred between firms. Because managers have no
stake in firms' long-term prospects, their decisions hinge on short-term gains. They are often
motivated by personal interests, including good performance reviews and promotions to manage
larger plants, and focus on output expansion and short-term profits. Long term profit
maximization through boiler efficiency and environmental improvements are less important goals.
Township and Village Enterprises
Township and village enterprises are profit-motivated however, market incentives have not
resulted in improved efficiency smaller industrial boilers. In general, TVEs are heavy
environmental polluters. For the Chinese government, these and other private firms are more
difficult to regulate than state-owned enterprises. As Chapter Two describes, TVEs are owned and
managed by local community governments, and environmental controls and standards are rarely
enforced. This tendency for poor environmental performance in TVEs is partially offset by profit
motivation, which should incent energy efficiency through economy. However, boiler efficiency
and coal conservation in small and medium scale industrial boilers remains low in general because
29 see Interview with Professor Fang, October 1996.
30 see Global Studies Program, p. 20.
coal input constitutes a very small percentage of boiler operating costs, and coal is abundant and
cheap in certain areas of China.
Another problem is that TVEs and private firms may be unaware of their boiler efficiency
levels and how to maximize them, as well as the potential long-term gains from increasing
efficiency, because of their avoidance of efficiency testing and boiler operator training. 3" Firm
incentives for operator training are safety and economy through improved boiler efficiency. But
again, because coal is such a low operating cost, operator training for efficiency is not emphasized.
The operator training laws are disregarded without legal consequence.
Small industrial firms that are poor, and profit-motivated township and village enterprises
tend to purchase cheap low quality boiler equipment, often manufactured by rural industries. Also,
given than many snialler industrial boilers are worn down and old, lower priced boiler replacement
parts like stoker chains, fans and pumps are more practical in the short run.
Market failures also indirectly contribute to the poor efficiency of smaller industrial boilers.
Discount rates are implicitly high in the purchase of boiler equipment, and managers may be less
willing to pay the higher upfront cost of instruments and better quality equipment which raises
efficiency and lowers costs in the long run. Also, the environmental and health problems
associated with burning coal inefficiently are externalities, and firms usually do not consider these
costs in decision making. If these externalities were incorporated into decisions through higher
coal prices for example, then enterprises would have larger financial incentives to burn coal
efficiently.32
31 see Interview with Professor Fang, March 1997.
32 see Global Studies Program, p. 21.
Non-Market Factors
Several factors of boiler management and operation are non-market related. Poor access to
coal and an underdeveloped market give customers little choice in quality of coal in some cases. 33
As stated previously, in smaller industrial boilers, older boiler technologies usually require a
certain type of coal, and inappropriate fuel type creates maintenance problems such as ash buildup
on water tubes, and reduces boiler efficiency.
Also in some firms, potential for boiler efficiency improvements is limited by
"unconventional nonmarket factors" such as "de facto local sourcing requirements" and informal
agreements between boiler consumers and producers.34 For example, in purchasing a new boiler,
a provincial-owned firm might be required to buy from a certain boiler manufacturer because of an
agreement between this boiler manufacturer and the provincial government. In other cases, some
firms may select a certain boiler technology because they receive conditional government subsidies.
Also, at the municipal level, firms sometimes use bribes to avoid paying fines for violating
emissions standards."
Education and Awareness at the Local Level
Awareness at the local level about the negative impacts of carbon dioxide emissions and
boiler inefficiency is especially important for improving industrial boiler efficiency. Because
environmental issues and particularly global environmental problems have not been emphasized by
the government in policies and programs, local awareness about these issues is poor.
Environmental and boiler efficiency policies are unenforced, and market incentives may be biased
toward output expansion rather than efficiency improvement. As a result, both market and
regulatory-based incentives for boiler efficiency are weak. Greater understanding of the positive.
" see Global Studies Program, p. 4.
3 Research Proposal to the Alliance for Global Sustainability, "Clean and Efficient Utilization of Coal in China:
Environmental Aid and Coal Combustion", p. 9.
35 see Interview with Professor Fang, January 1997.
benefits of improved boiler efficiency and environment performance may generate efficiency gains,
independently of the efficacy of these other incentives.
Conclusion
All of these technical and non-technical problems which contribute to inefficiencies in
China's industrial boilers can be expected to a certain degree, given the domestic political situation
and constraints posed in Chapter Two and the economic status of China. However, it is possible
to make considerable improvements in boiler efficiency in the short term by altering existing
economic incentive structures and working within existing policy implementation capabilities. In
the long run, there may be potential for fundamental changes which broaden these capabilities and
alter perceptions of sustainability in relation to economic growth. Appropriate strategies for
China's industrial boilers are the subject of Chapter Five.
Chapter 5
Strategies to Improve Boiler Efficiency and Reduce Carbon Dioxide
Emissions from Industrial Boilers in China
Introduction
This chapter gives broad recommendations and strategy directions for Chinese government
policies and international aid programs with respect to smaller industrial boilers in China and
climate change. Domestic policy and international aid strategies to reduce carbon dioxide
emissions from industrial boilers in China should incorporate short and long term objectives which
consider local conditions and are appropriate for smaller industrial firms. Many practical and cost-
effective opportunities and solutions exist.
Short term measures should take into account limitations posed by China's current political
and economic system. In light of China's recent economic development, it is unrealistic to expect
emphasis of global environmental issues over economic growth by the Chinese government. As
mentioned previously, carbon dioxide emissions should be linked to more compelling boiler
efficiency policies which aim to reduce post-combustion heat losses. Given the poor enforcement
of Chinese policies, ideally, domestic strategies which produce market incentives for boiler
efficiency could be used in short run measures.
Long term boiler efficiency and environmental improvements require more fundamental
shifts in China's policy-making process and political system to ease constraints on environmental
issues and the adoption of environmental policies. These strategies should aim to improve
environmental policy implementation and access to rural areas, and build awareness about climate
change and environmental protection.
Short Term Strategies
Given the political and economic priorities and realities in China discussed in previous
chapters, short term strategies should initially target carbon dioxide emissions through boiler
efficiency and capture positive externalities through efficiency improvements. Especially in the
near term, it is more effective to work within the constraints of China's current political and
economic system to capture immediate boiler efficiency gains and indirectly reduce carbon dioxide
emissions.
Many cost-effective measures are available for reducing post-combustion heat losses and
unnecessary carbon dioxide emissions from smaller industrial boilers in China. Given that policies
are poorly enforced, strategies which rely less on regulatory incentives and more on market
incentives are more appropriate. This is especially applicable to township and village enterprises
because they are more profit-oriented.
Chinese Government
Internalize Externalities of Poor Boiler Efficiency
One way to incent boiler efficiency is to internalize environmental externalities of inefficient
coal combustion. Since the price of coal is a small percentage of operating costs in most industrial
processes, using additional price incentives through other components of these processes would be
more effective. If extra costs were incorporated simultaneously into prices of coal and less
efficient boilers, or firms were financially rewarded for boiler efficiency gains through tax breaks,
enterprises would have greater financial incentive to conserve energy and purchase better quality
boilers.'
' Global Studies Program, Pacific Northwest Laboratory, "Energy Efficiency Opportunities in China: Industrial
Equipment and Small Cogeneration", February 1995, p. 21.
In some cases, it may be difficult to influence product prices and quality in rural industries.
This reinforces the need to address policy implementation and quality control problems in these
industries in the long run, which is described below.
Delineation of Ownership Rights in Government-Owned Firms
Strategies should also align economic and environmental incentives in government-owned
firms. Market incentives are less effective for state-owned firms than TVEs because of the
problem of unclear ownership rights and lack of autonomy for managers. More autonomy should
be granted, and ownership rights should be delineated so that managers feel more responsible and
are prompted to raise boiler efficiency. Managers should be given more say in boiler operations
and a large stake in firms' long-term success. Also, performance evaluations should assess and
reward energy efficiency gains related to boiler maintenance and operation.
Improved Operator Training Programs
Training programs for industrial boiler operators should be improved to emphasize better
boiler maintenance and operation. Better maintenance and management techniques cost firms very
little. Operator training is already required in China. Training programs should be altered to
strongly emphasize boiler efficiency, and proper maintenance and operating procedures to
minimize post-combustion heat losses. Since many industrial boiler operators have little training to
begin with, the government should also aim to improve the extent of operator training in these less
regulated areas. This goal is tied in with other long term objectives to improve policy enforcement
and regulation, described in following sections.
International Aid Programs
In the short term, international aid programs can contribute to industrial boiler efficiency
gains through low or no-cost technology transfer and operator training. Boiler efficiency
technologies and instrumentation such as briquetting, which pretreats coal and reduces fines, are
appropriate for smaller industrial boilers and can be implemented easily. In addition, appropriate
coal washing techniques which reduce impurities in the coal would be very useful for mitigating
slagging and dirty water tubes. It is important that operators are trained properly to gain maximum
utility from foreign technologies and equipment.
Long Term Strategies
Long term strategies should focus on instituting fundamental changes in energy efficiency
and environmental policy implementation and enforcement, building awareness and shaping
perceptions. As indicated above, improving regulatory effectiveness in the long run is important
for successful implementation of short term goals as well. In terms of issues like coal supply,
operator training and policy enforcement, improving access especially to rural areas and TVEs is
very important. Long term measures should aim to ease constraints that limit the ability of
government policies to reduce carbon dioxide emissions.
Chinese Government
Improved Government Networks and Access
One important long term goal of the Chinese government should be to improve policy
enforcement through improved government networks and access. Weak policy implementation
and quality control in smaller industries underlie and exacerbate many factors of poor boiler
efficiency and excessive carbon dioxide emissions in China. Inadequate regulatory control is
linked to problems such as low quality boiler equipment, lack of instrumentation, and poor and
nonexistent operator training, all of which ultimately contribute to low levels of boiler efficiency.
In addition, expanded government networks may deter non-market factors such as bribing and
corruption, which reduce market incentives for boiler efficiency.
Currently, stronger enforcement networks are being developed for other environmental
problems such as water and air pollution.2 Similar networks could be used to enforce boiler
efficiency and greenhouse gas emissions and improve governance, especially in less accessible
areas of China. In addition, better infrastructure and access would help policy implementation,
while also mitigating coal availability and operator training problems in rural firms.
Supply-Side Policies
The Chinese government should target boiler efficiency through supply-side policies for
boiler manufacturers. Although supply-side policies do not affect the efficiency of the existing
stock of boilers, they help raise efficiency in all new industrial boilers and could have significant
long-term effects. Currently, newly manufactured industrial boilers must pass certain operating
standards, but the high levels of efficiency and performance that new boilers achieve in
manufacturer tests occur under ideal conditions.3 In practice, boilers are operated much less
efficiently than during manufacturer tests because of poor coal quality and operations. In addition,
these tests do not test the quality and durability of boiler parts, which are usually very low and
contribute to post-combustion heat losses.
New supply-side policies should require that boilers be tested under realistic conditions,
that newly manufactured boilers pass certain quality standards, and that equipment is labeled with
energy efficiency information. Stricter efficiency and environmental requirements for newly
manufactured boilers such as better equipment quality and instrumentation would help reduce
waste gas heat loss problems. Furthermore, establishing efficiency standards for newly
manufactured boilers would help to overcome problems of high consumer discount rates and other
market failures, giving consumers more incentive to purchase more efficient boilers.4
2 Interview with Professor Jinghua Fang, Taiyuan Institute of Technology, January 1997.
3 Global Environmental Facility and Ministry of Machinery Industries, "Investigation Report on Industrial Boilers in
China: Increasing Efficiency and Decreasing Pollution", June 1996, p. 2.
4see Global Studies Program, Pacific Northwest Laboratory, p. 22.
Consensus-Building and Coordination between Energy and Environmental Bureaus
The policy-making model presented in Chapter Two highlights that consensus building
between bureaucratic units and political clout are essential for policies to build momentum and
succeed in China. Environmental bureaus such as the National Environmental Protection Agency
and Agenda 21 have very little political power compared to other government units. Policies which
reduce post-combustion efficiency losses simultaneously benefit energy efficiency and
conservation, and the environment. Cooperation between environmental bodies and the more
powerful and established energy ministries would greatly increase opportunities for boiler
efficiency and environmental policies to succeed.
In addition to building consensus among government organizations, it is important to
coordinate efforts of ministries and departments which are responsible for implementing policies
that are related to industrial boiler efficiency and environmental protection. Boiler operation and
maintenance would be improved if for example, the Ministry of Labor coordinated operator
training with the Ministry of Machinery Industries' policies and specifications for newly
manufactured industrial boilers.
Awareness-Building and Increased Participation by Communities
Giving communities opportunities to be involved in lower-level policy decisions would
result in more effective and appropriate boiler efficiency and environmental policies. Recently, the
Chinese government has been becoming more aware and concerned about political stability in
China and popular opinion.5 By involving communities in the policy process, stakeholders such
as boiler operators and managers would be better willing to comply with standards and more aware
of efficiency and environmental policies in general.
5 see Interview with Professor Fang, October 1996.
General awareness building in communities about the economic and environmental benefits
of energy conservation might be helpful for energy efficiency gains, not only in industrial boiler
operations but also in residential energy use. The public could be educated using dissemination of
publications and workshops.
Development and Adoption of Appropriate Technologies
Policy changes by the Chinese government should be accompanied by the development and
diffusion of technologies which reduce post-combustion heat losses in boilers. The existing stock
of industrial boilers use old boiler technologies and advanced, efficient technologies currently
utilized in other countries have not yet been introduced in China.6 The Chinese government is
pursuing some of these foreign technologies for improving efficiency and emissions from smaller
industrial boilers7, but most of them are too expensive and inappropriate for these boilers. Instead,
the Chinese government should promote the adoption of low-cost technologies, such as boiler
instruments, which improve operators' ability to efficiently run industrial boilers.
In addition, the Chinese government should invest in domestic development of low-cost
technologies, such as cheap coal washing techniques, that take into account differing local needs
and conditions between provinces. There is large regional variation in characteristics such as coal
quality, natural resources and wealth.8 Chinese boiler experts and manufacturers are much better
informed than foreign firms about the problems and local issues related to energy efficiency in
smaller industrial boilers. In addition, boiler equipment and technology manufacturers in other
countries often do not use, and sometimes have never encountered some of the boiler technologies
used in smaller Chinese industrial boilers. Effective technologies for raising the efficiency of
smaller industrial boilers are much easier and cheaper to develop domestically by Chinese
industries than by foreign organizations.
6 see Global Studies Program, Pacific Northwest Laboratory, p. 4.
' Presentation by Mr. Sun Guo Dong, State Planning Commission, Beijing, May 1996.
Expanded Policy Research
The Chinese government, boiler manufacturers and users would all benefit from expanded
policy research which considers economic, environmental and engineering aspects of boiler
efficiency. Several energy research institutes such as the Energy Research Institute of the State
Planning Commission and the Beijing Energy Institute, were created in China over the past decade
for energy forecasting, development planning and technology assessment.9 More resources should
be given to these agencies for comprehensive studies on topics such as potential efficiency gains
from taking advantage of economies of scale in industrial boilers.
International Aid Programs
International aid programs also have a role in long run strategies to improve the
performance of industrial boilers in China. Since climate change and carbon dioxide emissions
from China are global problems, other countries should contribute to the development of
appropriate technologies which reduce carbon dioxide emissions in China. Foreign aid could also
help build awareness about global warming in particular, since the Chinese government may be
more likely to advocate energy efficiency.
Prospects for Boiler Efficiency Gains
A multitude of possibilities exists for improving boiler efficiency and reducing unnecessary
carbon dioxide emissions from industrial boilers in China. Even with the political limitations on
environmental policies and initiatives, low-cost simple technologies and market incentives can
substantially affect industrial boiler maintenance and operation. Technical efficiency improvements
have already been achieved in some industrial boilers. For example, briquetting is a technology in
use, and raises boiler efficiency 5-10 percent by reducing the carbon in fly ash and cinder and the
a Jia, Yunzhen, "China's Present Energy Situation and Energy Related Environmental Strategies", Paper presented at
WEC Administrative Committee Meeting, April 1994, p. 5.
9 see Global Studies Program, Pacific Northwest Laboratory, p. 24.
need for furnace maintenance.o° Thus, there are strong prospects for improving boiler efficiency
and reducing excessive carbon dioxide emissions from China's industrial boilers through technical
measures. The additional long-term strategies described would provide even further benefits.
1o see Interview with Professor Fang, April 1997.
Conclusion
Future Directions for Reducing Greenhouse Gas Emissions in China
Introduction
This analysis of firm level data indicates the relationship between, and factors of carbon
dioxide emissions and boiler efficiency in industrial boilers in China. It raises important questions
for future studies which require more detailed information from individual firms. Coal combustion
within the boiler furnace was investigated for carbon dioxide reductions and efficiency gains, but
there are many similar opportunities throughout industrial processes.
Future Studies and Applications
This preliminary study indicates several factors of efficiency and excessive carbon dioxide
emissions from smaller industrial boilers in China. The results should be used as a basis for more
detailed analyses of causes for post-combustion efficiency losses. Possible future studies and
applications include:
1. Collection of additional data on township and village enterprises, to clearly define the
incentives and motivations in boiler operation and management, and choice of coal.
Also, comparisons between TVEs and government-owned firms for better
understanding of how ownership affects efficiency.
2. A study of interactive effects between factors of efficiency such as coal quality,
selection of boiler technology and ownership.
3. Interviews with outlier firms in the data sets, to determine which factors are responsible
for large boiler efficiency differences in firms with otherwise similar characteristics.
4. Time series studies on a smaller number of firms, to determine the effects of
circumstances such as changing management, and coal prices.
5. Technical research to quantify the correlation between carbon dioxide emissions and
post-combustion flue gas and radiation heat losses in industrial boilers.
6. Collection of efficiency test data from provinces other than Guangxi and Shanxi, in
order to compare boiler efficiency, operation and maintenance practices and local
conditions for industrial boilers in provinces with different characteristics.
Many technical, managerial and political issues related to carbon dioxide emissions from
smaller industrial boilers in China have yet to be investigated. Further analysis of local conditions
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surrounding industrial boilers and rural TVEs will be beneficial for domestic and international
efforts to improve industrial boiler performance.
Life Cycle Analysis of Industrial Processes to Reduce Unnecessary Carbon
Dioxide Emissions
Carbon dioxide emissions in China can be greatly reduced throughout the entire life cycle
of industrial processes. Opportunities for energy conservation and efficiency are abundant not
only in industrial boiler coal combustion but also in energy end uses. Steel, ammonia, cement and
other large Chinese industries are up to twice as energy-intensive as those in developed countries.'
One reason for energy inefficient industrial processes is that equipment used are often
obsolete and operated as inefficiently as industrial boilers. For example, in China's cotton textile
factories, one third of the industrial equipment from the 1940s and 1950s is still in operation.2
Modernizing equipment used in industrial processes in addition to boilers, and minimizing their
efficiency losses greatly reduces excessive carbon dioxide emissions, since all of these
inefficiencies are post-combustion heat losses.
Another cause of inefficiency is the small scale of Chinese industrial enterprises and
processes. Taking advantage of economies of scale by substituting many small operations with
fewer larger ones reduces overall energy consumption.3 Furthermore, strategies could target
energy demand so that industrial processes are less energy-intensive by for example, developing
operations that consume recycled energy.
' Jia, Yunzhen, "China's Present Energy Situation and Energy Related Environmental Strategies", Paper presented at
WEC Administrative Committee Meeting, April 1994, p. 4.
2 Global Studies Program, Pacific Northwest Laboratory, "Energy Efficiency Opportunities in China: Industrial
Equipment and Small Cogeneration", February 1995, p. 2.
3 see Global Studies Program, Pacific Northwest Laboratory, p. 2.
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Future Prospects for China and Climate Change
In the future, it is possible that direct regulation of carbon dioxide emissions from industrial
boilers in China could effectively replace the need for indirect reductions through energy efficiency
measures and market incentives. But first, regulatory control must improve significantly.
Ultimately, attitudes and perceptions of the Chinese government and public about the environment
and global warming must change for substantial changes to occur.
Although China is not the largest emitter of carbon dioxide and greenhouse gases, it is one
of the least energy efficient countries in the world, and opportunities for cost-effective global
warming measures in industrial, residential and other processes are numerous. In light of this fact,
international aid and resources for combating global warming are well-invested in China. Given
the widespread effects of climate change, China's path of energy development and consumption is
of critical importance for the global environment.
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Appendix A: Guangxi and Shanxi Data for Bivariate Analyses
User Province
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Guangxi
Ownership
County
County
County
County
County
County
County
County
County
County
County
County
County
County.
County
County
County
County
County
County
County 
_
County_
County
County
County 
__.
County
County
County 
__
County
County
Boiler
Type _.____
Reciprocating_
Reciprocating
Reciprocating
Chain Stoker
Fixed-Bed
Fixed-Bed
Fixed-Bed
Fixed-Bed
Fluidized Bed
Fluidized Bed
Fluidized Bed
Fluidized Bed
Fluidized Bed
Fluidized Bed
Fluidized Bed
Fluidized Bed
Spreader Stoker
Spreader Stoker
Non-Coal
Non-Coal
Non-Coal
Non-Coal
Non-Coal
Non-Coal
Non-Coal
Non-Coal
Non-Coal
Non-Coal
Non-Coal
Non-Coal
Age (yr)
1
4
3
4
9
4
6.5
6
4
5
4
8
9
9
12
9
9
9
0.2
1
0.3
0.2
2
3
2
0.3
6
11
2
0.2
Efficiency (%)
75.9
71.6
73.8
56.3
58.6
56.8
69.9
49.8
67.36
78.8
78.05
79.2
81.6
78.16
74.9
80.95
57.2
57.2
79.45
79.54
66
82.02
82.4
83.46
79.73
82.82
80
80
80.7
82.1
Flue Gas
Temperature (C)
143
150
79.6
200
1 60
180
208
210
160
170
169
190
180
205
160
160
160
125
160
170
170
1 60
160
1 52
175
170
169
195
150
Heat Loss (%)
7.1
11.5
2.57
9.6
8.4
9.25
9.8
8.5
8.57
9.4
11 .06
10.2
10.6
12.53
10
13.17
7.6
7.35
7.56
8.23
12.98
8.82
10.17
7.78
7.9
7.9
13.3
8
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Non-Coal
Non-Coal
Non-Coal
Guangxi
Guangxi
Guangxi
Guangxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
County
County
County
County
Provincial
Provincial
Municipal
Provincial
Provincial
Provincial
Provincial
County.
Provincial
Provincial
Provincial
Provincial
Provincial
Provincial
Provincial
County
Provincial
Provincial
Provincial
Provincial
Provincial
Provincial
Provincial
Provincial
Municipal
Provincial
Provincial
Provincial
Reciprocating
Reciprocating
Reciprocating
Reciprocating
Reciprocating
Reciprocating.
Reciprocating.
Reciprocating
Reciprocating
Reciprocating
Reciprocating
-Reciprocating
Reciprocating
Reciprocating
Reciprocating
Reciprocating
Reciprocating
Reciprocating
..Reciprocating
_ Reciprocating
Reciprocating
...Reciprocating
Reciprocating
Reciprocating
Reciprocating.
Reciprocating
Reciprocating
Reciprocating
78.95
79.94
79.1
81.73
51.32
58.43
65
65.3
52.96
61.73
54.27
76.2
59.52
56.11
39.7
59.82
61.9
54.67
51.34
59.1
59.98
54.76
54.43
57.24
62.21
63.71
59.53
63.04
73.8
58.3
62.41
58.66
168
165
225
174
189
246
209269
169
243
141
170
231
1 67
165
226
223
183
254
213
222
2. 16
229
283
234.... ... ..
234
237
185
263
178
235
9.5
10.33
8.95
12.13
6.83
14.55
14.27
18.51
5.85
15.5
7.89
8.64
9.94
5.59
6.52
17.55
10.24
16.67
16.46
12.76
12.83
16.92
10.48
13.51
14.34
20.75
12.34
20.25
10.94
11.87
14.7
13.83
12.3
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Shanxi Provincial Reciprocating_ 3 59.53 188 12.34
Shanxi Provincial Reciprocating 4 64.78 1 46 7.5
Shanxi Provincial Reciprocating 4 64.271 145 7.53
Shanxi Provincial Reciprocating 5 60.02 257 14.27
Shanxi Provincial Reciprocating 2 40.58 332 10.37
Shanxi Municipal Reciprocating 5 72.4 205 8.98
Shanxi Provincial Reciprocating 6 60.82 1 93 13.39
Shanxi Provincial Reciprocating 2 60.53 1 67 8.56
Shanxi Municipal Reciprocating 4 71.6 1 98 10.08
Shanxi County Reciprocating 5 61 224 13.56
Shanxi Municipal Reciprocating 3 56.6 270 12.84
Shanxi Municipal Reciprocating 1 72.2 247 13.18
Shanxi Provincial Reciprocating 5 64.8 324 18.56
Shanxi Municipal Reciprocating 1 75.6 208 12.04
Shanxi Municipal Reciprocating 1 71.03 170 12.06
Shanxi Provincial Reciprocating 1 65.8 1 88 9.04
Shanxi Provincial Reciprocating 6 58.44 1 23 7.9
Shanxi Provincial Reciprocating 1 56.32 170 7.14
Shanxi Provincial Reciprocating 2 65.44 251 8.01
Shanxi Provincial Reciprocating 9 66.99 198 12.97
Shanxi Provincial Reciprocating 9 66.69 200 13.9
Shanxi Provincial Reciprocating 5 52.31 261 15.34
Shanxi Provincial Reciprocating 5 67.09 153 8.14
Shanxi Provincial Reciprocating 4 59.14 249 12.24
Shanxi Provincial Reciprocating 7 60.73 271 16.5
Shanxi Provincial Chain Stoker 5 72.96 148 11.25
Shanxi Provincial Chain Stoker 3 60.04 1 07 4.6
Shanxi Provincial Chain Stoker 5 63.2 202 15.19
Shanxi Provincial Chain Stoker 2 60.23 131 6.01
Shanxi Provincial Chain Stoker 3 59.41 226 11.87
Shanxi Provincial Chain Stoker 4 67.29 1 10 6.46
Shanxi Municipal Chain Stoker 2 63.85 1 65 10.2
Shanxi Provincial Chain Stoker 2 59.49 105 4.6
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Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Shanxi
Provincial
Provincial
Provincial
Provincial
Provincial
Provincial
Provincial
Provincial
Provincial
Provincial
Municipal
Provincial
Provincial
Municipal
Municipal
Provincial
Provincial
Municipal
Provincial
Municipal
Provincial
Provincial
Municipal
Provincial
Provincial
Provincial
Provincial
Municipal
County
County
County
Municipal
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
63.33
69.27
72.68
62.37
62.04
64.7
69.86
61.77
66.7
67.4
66.2
64.2
67.3
66
68.2
63.05
40.2
59.17
52.23
64.52
66.78
65.7
62.6
63.46
70.76
55.64
62.91
76.3
61.3
55.7
62.03
76.29
204
124
150
261
230
236
204
202
189
1 85
198
169
196
196
210
166
224
168
158
1 24
165
133
273
127
149
210
135
212
197
140
190
179
15.11
7.31
11.71
14.73
14.52
13.14
13.07
13.43
9.84
9.84
11.32
9.91
11.33
12.04
12.05
11.86
9.41
11.02
13.4
7.18
10.01
17.67
5.79
9.75
12.44
6.88
13.32
9.91
5.03
12.04
11.13
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Appendix B: Shanxi Data for Multivariate Analysis
Boiler Type
Chain Stoker
Reciprocating
Reciprocating
Reciprocating
Chain Stoker
Chain Stoker
Reciprocating
Chain Stoker
Reciprocating
Chain Stoker
Chain Stoker
Reciprocating
Reciprocating
Chain Stoker
Chain Stoker
Chain Stoker
Reciprocating
Reciprocating
Chain Stoker
Chain Stoker
Reciprocating
Reciprocating
Reciprocating
Reciprocating
Chain Stoker
Chain Stoker
Chain Stoker
Reciprocating
Chain Stoker
Reciprocating
Chain Stoker
Boiler Age
(years)
2
6
4
5
4
4
7
3
3
3
4
4
1
6
2
1
3
3
5
4
3
6
5
3
6
3
2
8
3
5
5
Boiler Size
(tons/hour)
1.5
10.07
3.4034
2.436
5.39
9.4
4.28
1.82
1.59
1.827
2.877
1.6422
0.966
9.84
12.4
0.6888
1.9334
6.69
6.44
2.779
1.946
1.8452
4.27
1.82
10.12
12.8
4.01
3.67
4.018
2.0482
4.74
Boiler Efficiency
(%)
63.85
65.18
57.24
60.02
60.66
66.79
58.66
62.04
56.63
58.68
62.91
54.43
71.08
66.29
59.49
76.35
52.96
63.04
63.2
55.94
63.71
62.41
64.81
59.52
68.2
60.04
60.4
39.78
64.2
52.31
52.76
Volatile Matter Content
(%)
13
16.45
18.34
16.47
16.74
28.13
16.66
15.87
13.57
16.59
18.79
16.07
9.69
22.87
27.19
32.47
15.76
17.05
26.86
17.2
26.5
15.87
18.66
16.07
21.69
27.19
17.86
15.29
22.64
17.54
18
Heat Value
(kJ/kg)
29475
25190
23240
23480
22450
23080
26280
26630
26100
27820
1 9430
27110
26850
25230
24300
23670
23330
23630
26120
23750
26600
26630
23710
27110
25590
24380
24550
25340
22330
25340
24550
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Reciprocating
Reciprocating
Reciprocating
Reciprocating
Chain Stoker
Reciprocating
Reciprocating
Reciprocating
Reciprocating
Fixed Bed
Reciprocating
Chain Stoker
Chain Stoker
Reciprocating
Reciprocating
Chain Stoker
Fluidized Bed
Reciprocating
Reciprocating
Reciprocating
Reciprocating
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Rbciprocating
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Reciprocating
Reciprocating
3.67
6.65
9.95
6.82
4.9021
3.5287
2.5
1.204
1.97
1.52
6.5
15.77
3.0555
1.442
0.99
2.954
16.72
4.326
3.89
3.05
3.024
4.2
18.3
18.09
2.8427
5.17
7.41
18
10.1
18.89
8.97
1.9166
1.442
59.98
66.69
71.66
40.58
62.15
75.68
54.76
51.34
54.67
62.73
54.27
67.45
59.02
59.53
72.28
65.7
78.09
64.78
72.45
59.14
59.14
52.23
72.96
70.75
60.37
60.23
67.09
72.68
59.17
63.45
62.58
73.8
59.53
16.55
15.85
25.14
17.99
15.54
19.21
15.56
15.93
17.27
22.36
15.82
26.51
17.03
17.12
17.14
18.79
10.28
18.35
26.93
18.66
17.03
15.67
19.04
22.79
17.72
19.31
15.46
19.04
23.19
20.71
20.31
18.35
16.12
26100
26250
26840
23550
24670
23250
25880
28020
26800
24861
24080
19400
25770
26220
27640
19430
26930
21880
27090
25880
25770
24130
26980
27100
25050
23790
26580
26980
25140
23540
24950
26800
26120
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Reciprocating
Chain Stoker
Chain Stoker
Reciprocating
Reciprocating
Chain Stoker
Chain Stoker
Reciprocating
Chain Stoker
Chain Stoker
Fixed Bed
Chain Stoker
Reciprocating
Reciprocating
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Chain Stoker
Reciprocating
Chain Stoker
Chain Stoker
Reciprocating
Reciprocating
Reciprocating
Reciprocating
Reciprocating
Chain Stoker
Chain Stoker
Reciprocating
Chain Stoker
Chain Stoker
Chain Stoker
2.009
6.74
9.945
6.67
5.79
3.98
15.09
2.044
16.4
1.48
0.49
8.4
2.2127
4.438
6.23
1.785
10.11
0.984
2.751
3.97
2.58
4.655
1.862
6.51
4.185
4.2
4.5
6.93
9.89
8.98
3.983
2.289
9.74
56.11
61.77
61.35
56.32
58.44
59.41
65.63
65.38
67.29
40.24
73.14
64.52
62.21
64.27
63.33
55.64
62.08
69.59
68.91
76.2
55.46
59.83
59.82
66.99
60.82
61.73
60.73
69.86
66.11
65.8
67.35
64.7
66.78
15.76
15.85
26.53
15.09
15.95
16.86
23.71
25.16
16.73
16.27
18.25
16.99
15.87
19.46
26.86
19.94
25.32
9.88
17.07
39.18
16.59
17.63
26.5
15.85
16.06
16.3
16.31
15.85
19.32
18.01
26.25
15.87
15.62
23330
26250
21900
22050
23670
24450
24420
27140
23150
25010
28350
28020
26630
17290
26120
27660
22340
26790
27890
20110
17820
23940
26600
26250
26800
26150
26650
26250
24840
23050
21700
26630
25020
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Reciprocating 3 1.6093 51.32 15.76 23330
Chain Stoker 4 4.501 63.05 22.03 18380
Reciprocating 2 7.63 65.44 15.46 26580
Chain Stoker 2 3.451 64.64 16.04 24580
Reciprocating 5 4.87 61.01 20.44 24980
Chain Stoker 8 4.5437 61.69 16.04 24580
Reciprocating 4 3.98 56.99 16.86 24450
Reciprocating 2 4.01 58.3 16.86 24450
Chain Stoker 1 1.36 76.29 24.56 24760
Chain Stoker 4 4.6039 61.38 16.37 26440
Chain Stoker 2 17.6 69.27 16.73 231 50
Chain Stoker 10 33.64 55.75 7.98 26050
Reciprocating 2 6.19 60.53, 17.29 25970
Reciprocating 4 2.289 61.9 17.77 26510
Reciprocating 5 5.399 58.43 16.37 26220
Chain Stoker 3 2.457 62.37 16.47 23480
Chain Stoker 4 20.89 64.8 20.34 24460
Appendix C: Multivariate Analyses Summary Table
Regression#
Number of Observations
R-Squared
F
Chain Stoker Coefficient
Chain Stoker t
Fluidized Bed Coefficient
Fluidized Bed t
Reciprocating Stoker Coefficient
Reciprocating Stoker t
Boiler Age Coefficient
Boiler Age I
Boiler Size Coefficient
Boiler Size t
Vol. Matter: Anthr. Coefficient
Vol. Matter: Anthr. t
Vol. Matter: Bit. Coefficient
Vol. Matter: Bit. t
Heat Value: Anthr. Coefficient
Heat Value: Anthr.: t
Heat Value: Bit. Coefficient
Heat Value: Bit. t
Volatile Matter Coefficient
Volatile Matter t
Heat Value Coefficient
Heat Value t
1
122
0.3491
15.6900
-2.6324
-0.5730
13.8143
2.6850
-4.8463
-1.0530
-0.8257
-3.0360
2
181
0.2501
14.6700
-4.1376
1.5250
7.6183
1.5250
-7.4417
-1.6650
0.1345
1.4600
3
122
0.3870
14.6500
-4.1613
-0.9210
10.7947
2.1010
-5.2810
-1.1760
-0.9783
-3.6080
0.2878
2.6780
._.
4
114
0.2790
5.8600
-3.7140
-0.8310
9.3641
1.1990
-4.3226
-0.9730
-1.0021
-3.3090
0.2708
2.1720
0.4189
1.4630
0.3980
2.1100
5
114
0.2723
5.6700
-1.9606
-0.4330
7.2784
0.9370
-2.8533
-0.6350
-1.1815
-3.0970
0.2394
1.9420
0.0004
1.5660
0.0005
1.9870
6
114
0.3167
5.3600
-2.7200
-0.6100
8.7448
1.1140
-3.6878
-0.8350
-1.0555
-3.5200
0.2993
2.4290
0.4733
1.4430
0.6500
2.5170
0.0007
2.3850
0.0004
1.2580
7
114
0.2788
6.8900
-3.6568
-0.8240
9.2466
1.1930
-4.2459
-0.9650
-1.0041
-3.3330
0.2645
2.2240
0.3741
2.8660
8
114
0.2377
5.5600
-2.6849
0.5830
4.5864
0.5870
-4.0006
-0.8800
-1.2830
-4.2130
0.3057
2.5070
0.0004
1.4190
9
114
0.3109
6.8300
-2.2452
-0.5100
9.5678
1.2570
-3.1199
-0.7170
-1.0742
-3.6110
0.2731
2.3370
0.4421
3.3550
0.0006
2.2230
C4
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Appendix C: Multivariate Analyses
March 25, 1997
Clean Coal Project
Regression #1
regress blrEFF chaind flubdd recipd blrage
Source [ SS df MS
--------- +------------------------------
Model [ 2501.40518 4 625.351296
Residual I 4663.72561 117 39.8609027
--------- +------------------------------
Total 1 7165.1308 121 59.215957
Number of obs = 122
F( 4, 117) = 15.69
Prob > F = 0.0000
R-squared = 0.3491
Adj R-squared = 0.3269
Root MSE = 6.3135
blrEFF I Coef. t P>Itl [95% Conf. Interval]
-- -------------------------------------------------------------------------------------------
chaind [ -2.632436 -0.573 0.568 -11.73646 6.471583
flubdd j 13.81428 2.685 0.008 3.626226 24.00233
recipd I -4.846287 -1.053 0.295 -13.96382 4.271251
blrage I -.8256978 -3.036 0.003 -1.364396 -.2869991
_cons 69.17355 15.430 0.000 60.29528 78.05181
Regression #2
regress blrEFF chaind flubdd recipd newsize
Source I
---------------------------------------
Model J 2253.13212 4 563.283031
Residual I 6755.80738 176 38.3852692
---------+------------------------------
Total I 9008.9395 180 50.0496639
Number of obs
F( 4, 176)
Prob > F
R-squared
Adj R-squared
Root MSE
blrEFF I Coef. Std. Err. t P>Itl [95% Conf. Interval]
-+------------------------------------------------------------------------------------------
chaind I -4.137564 4.434582 -0.933 0.352 -12.88936 4.614236
flubdd I 7.618335 4.99639 1.525 0.129 -2.242211 17.47888
recipd | -7.441682 4.469463 -1.665 0.098 -16.26232 1.378956
newsize I .134523 .0921199 1.460 0.146 -.0472787 .3163248
-cons j 67.7998 4.381918 15.473 0.000 59.15194 76.44767
--- ------------------------------------------------------------------------
Regression #3
regress blrEFF chaind flubdd recipd blrage newsize
Source I SS df MS
--------- +------------------------------
Model 1 2772.93256 5 554.586513
Number of obs = 122
F( 5, 116) = 14.65
Prob > F = 0.0000
113
181
14.67
0.0000
0.2501
0.2331
6.1956
Residual I 4392.19824 116 37.8637779
--------- +---------------------------------
Total I 7165.1308 121 59.215957
R-squared = 0.3870
Adj R-squared = 0.3606
Root MSE = 6.1534
blrEFF I Coef. Std. Err. t P>It . [95% Conf. Interval]
--------- +--------------------------------------------------------------------------------
chaind I -4.161271 4.51654 -0.921 0.359 -13.10685 4.784305
flubdd | 10.79473 5.139021 2.101 0.038 .616247 20.9732
recipd I -5.281028 4.4899 -1.176 0.242 -14.17384 3.611785
blrage I -.9783403 .2711655 -3.608 0.000 -1.515418 -.4412629
newsize .2877513 .107454 2.678 0.008 .0749252 .5005773
-cons 69.11332 4.369271 15.818 0.000 60.45943 77.76721
Regression #4
regress blrEFF chaind flubdd recipd blrage newsize volmatda volmatdb
Source I SS df MS
--------- +------------------------------
Model | 1494.32086 7 213.474408
Residual | 3862.14582 106 36.4353379
-----------------------------------------
Total 1 5356.46668 113 47.40236
Number of obs
F( 7, 106)
Prob > F
R-squared
Adj R-squared
Root MSE
blrEFF Coef. Std. Err. t P>Iti [95% Conf. Interval]
--------- +----------------------------------------------------------------------------------
chaind -3.713954 4.467456 -0.831 0.408 -12.57112 5.143211
flubdd 9.364055 7.813128 1.199 0.233 -6.126231 24.85434
recipd -4.322556 4.442896 -0.973 0.333 -13.13103 4.485917
blrage -1.002085 .3028231 -3.309 0.001 -1.602461 -.4017083
newsize .2707805 .1246753 2.172 0.032 .0235995 .5179615
volmatda .4189216 .2864142 1.463 0.147 -.1489223 .9867655
volmatdb .3979669 .1885875 2.110 0.037 .0240738 .7718601
cons 60.89406 6.416774 9.490 0.000 48.17218 73.61594
Regression #5
regress blrEFF chaind flubdd recipd blrage newsize hvda hvdb
Source I SS df MS
--------- +--------------------------------
Model I 1458.62394 7 208.374848
Residual | 3897.84274 106 36.7721013
--------- +---------------------------------
Total 1 5356.46668 113 47.40236
Number of obs = 114
F( 7, 106) = 5.67
Prob > F = 0.0000
R-squared = 0.2723
Adj R-squared = 0.2243
Root MSE = 6.064
blrEFF I Coef. Std. Err. t P>Itl [95% Conf. Interval]
--------- +--------------------------------------------------------------------
chaind 1 -1.960577 4.532966 -0.433 0.666 -10.94762 7.026468
114
5.86
0.0000
0.2790
0.2314
6.0362
114
flubdd 7.27835 7.764787 0.937 0.351 -8.116096 22.6728
recipd -2.853281 4.493297 -0.635 0.527 -11.76168 6.055118
blrage -1.181484 .3023692 -3.907 0.000 -1.780961 -.582008
newsize .2393608 .123275 1.942 0.055 -.0050439 .4837655
hvda .0004133 .0002639 1.566 0.120 -.0001098 .0009365
hvdb .0005428 .0002732 1.987 0.050 1.20e-06 .0010844
cons 56.86053 8.251606 6.891 0.000 40.50092 73.22015
Regression #6
regress blrEFF chaind flubdd recipd blrage newsize volmatda volmatdb hvda hvdb
Source I SS df MS Number of obs = 114
--------- +------------------------------ F( 9, 104) = 5.36
Model I 1696.30931 9 188.478812 Prob > F = 0.0000
Residual I 3660.15737 104 35.1.938208 R-squared = 0.3167
---------+------------------------------ Adj R-squared = 0.2576
Total I 5356.46668 113 47.40236 Root MSE = 5.9324
blrEFF Coef. Std. Err. t P>Itl [95% Conf. Interval]
---------------------------------------------------------------------------------------------------
chaind -2.71996 4.455469 -0.610 0.543 -11.55532 6.115401
flubdd 8.744848 7.849375 1.114 0.268 -6.820756 24.31045
recipd -3.687784 4.416914 -0.835 0.406 -12.44669 5.071123
blrage -1.055516 .299855 -3.520 0.001 -1.65014 -.4608926
newsize .2992633 .1231828 2.429 0.017 .0549873 .5435393
volmatda .4733172 .3280686 1.443 0.152 -.1772551 1.12389
volmatdb .6499918 .2582785 2.517 0.013 .1378158 1.162168
hvda .0006577 .0002758 2.385 0.019 .0001108 .0012045
hvdb .0004416 .0003509 1.258 0.211 -.0002543 .0011375
_cons 42.82013 10.58856 4.044 0.000 21.82263 63.81763
Regression #7
regress blrEFF chaind flubdd recipd blrage newsize volmat
Source I SS df MS Number of obs = 114
--------- +------------------------------ F( 6, 107) = 6.89
Model I 1493.19278 6 248.865464 Prob > F = 0.0000
Residual j 3863.2739 107 36.1053635 R-squared = 0.2788
--------- +------------------------------ Adj R-squared = 0.2383
Total I 5356.46668 113 47.40236 Root MSE = 6.0088
blrEFF I Coef. Std. Err. t P>itl [95% Conf. Interval]
---------------------------------------------------------------------------------------------------
chaind I -3.656783 4.435403 -0.824 0.412 -12.44945 5.135885
flubdd I 9.246623 7.749242 1.193 0.235 -6.115345 24.60859
recipd J -4.245921 4.40143 -0.965 0.337 -12.97124 4.479401
blrage i -1.004076 .3012381 -3.333 0.001 -1.601246 -.406907
newsize j .2645144 .118939 2.224 0.028 .0287318 .5002971
115
volmat .3741156 .1305191 2.866 0.005 .1153766 .6328545
_cons J 61.57886 5.078666 12.125 0.000 51.511 71.64672
Regression #8
regress blrEFF chaind flubdd recipd blrage newsize coalhv
Source SS df MS Number of obs = 114
--------- +------------------- ------------ F( 6, 107) = 5.56
Model I 1273.34278 6 212.223796 Prob > F = 0.0000
Residual I 4083.1239 107 38.1600364 R-squared = 0.2377
---------------------------------------- Adj R-squared = 0.1950
Total I 5356.46668 113 47.40236 Root MSE = 6.1774
blrEFF Coef. Std. Err. t P>Itl [95% Conf. Interval]
--------------------------------------------------------------------------------------------
chaind -2.684901 4.606005 -0.583 0.561 -11.81577 6.445967
flubdd 4.586387 7.815056 0.587 0.559 -10.90605 20.07882
recipd -4.000644 4.547597 -0.880 0.381 -13.01572 5.014436
blrage -1.283015 .3045568 -4.213 0.000 -1.886764 -.6792671
newsize .3056666 .1219214 2.507 0.014 .0639717 .5473616-
coalhv .0003807 .0002684 1.419 0.159 -.0001513 .0009128
cons 59.42248 8.325092 7.138 0.000 42.91895 75.926
Regression #9
regress blrEFF chaind flubdd recipd blrage newsize volmat coalhv
Source SS df MS Number of obs = 114
--------- +------------------ ------------- F( 7, 106) = 6.83
Model I 1665.3051 7 237.900729 Prob > F = 0.0000
Residual I 3691.16157 106 34.822279 R-squared = 0.3109
---------------------------------------- Adj R-squared = 0.2654
Total I 5356.46668 113 47.40236 Root MSE = 5.901
blrEFF Coef. Std. Err. t P>Itl [95% Conf. Interval]
--------------------------------------------------------------------------------------------
chaind -2.245216 4.40191 -0.510 0.611 -10.97243 6.481998
flubdd 9.567842 7.611675 1.257 0.212 -5.523043 24.65873
recipd -3.119902 4.352088 -0.717 0.475 -11.74834 5.508535
blrage -1.074218 .2975147 -3.611 0.000 -1.66407 -.4843661
newsize .2731211 .1168706 2.337 0.021 .0414138 .5048285
volmat .4421158 .1317779 3.355 0.001 .1808534 .7033781
coalhv .000586 .0002636 2.223 0.028 .0000634 .0011086
cons 44.70375 9.08249 4.922 0.000 26.69683 62.71067
----- --------------------------------------------------------------------
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